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 Biological and non-biological natural colloids are anisotropic and ubiquitously 
exist in groundwater.  Previously in colloid transport modelling, colloids are assumed to 
be homogenous for simplification, whether in shape or surface charge. More research has 
been done to incorporate surface heterogeneity in the transport experiment, i.e., surface 
charge heterogeneity on collector in column experiment. However, few studies have been 
done on surface heterogeneity on colloids themselves.   
 In this dissertation, Janus particles with different surface charge was developed to 
model surface heterogeneity on colloids.  The interaction energy between Janus particle 
and flat surfaces was analyzed through DLVO simulation. It was discovered that there is 
sensitivity region on Janus particle and the orientation of Janus particle approaching the 
flat surface will greatly impact the interaction energy. The simulation also showed that 
average zeta potential may lead to incorrect deposition prediction. The impact of particle 
surface heterogeneity on deposition onto flat surface was done using QCM-D. The 
deposition trend is greatly impacted by the polymer used to develop Janus particles.  
 Another contribution of this work is to investigate the impact of particle surface 
heterogeneity on particle deposition in porous media models. Porous media was 
 
 
developed using microfluidic channel with a variety of collector geometry. Janus 
particles attached on collector’s surface were imaged using confocal microscope. Factors 
impacting the deposition of Janus particle on different collector geometry were 
investigated through DLVO simulations and computational fluid dynamic (CFD) model. 
The deposition of Janus particle in porous media was found to be impacted by the 
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CHAPTER 1: INTRODUCTION 
1.1 Introduction and Motivation 
Groundwater is one of the most important components of the hydrologic cycle, 
serving as the source of about 33 percent of public water supplies, which provide drinking 
water to more than 90 percent of the rural population in the United States1. Biological and 
non-biological natural colloids ubiquitously exist in groundwater. Understanding the 
transport of pathogens (biological colloids) is relevant to produce safe drinking water as 
colloid-facilitated transport of contaminants (e.g. heavy metals) in groundwater has been 
widely recognized as a serious public concern2-5.  
Almost all-natural colloids of biological and non-biological origin are anisotropic, 
possessing varied degrees of surface heterogeneity. Most previous research, however, 
assumed a homogeneous surface charge based on a mean-field approximation. The 
presence of surface heterogeneities on the particle surfaces, however, may affect the 
attractive energy between nanoparticles and surfaces, thereby either enhancing or reducing 
particle deposition and influencing the location of the deposition. The impacts of surface 
charge heterogeneity can be even more complicated when considering chemical 
composition of the background solution (e.g. ionic strength, pH) and flow velocity. 
Differences in ionic strength solution at various pH alter the zeta potential, hence affecting 
the aggregation, and changing the transport and deposition of nanoparticles.  Increasing 
evidence6-15 has demonstrated that a mean-field approximation of surface charge is 
insufficient in describing observed colloidal transport and retention behaviors from many 
laboratory and field studies. The grand challenge is how to incorporate the impact of 
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surface charge heterogeneity into transport modeling, while existing colloidal 
filtration theories assume homogeneous surface charge16-21.  
In this work, we investigated the impact of colloid surface heterogeneity on the 
transport and deposition using synthesized Janus particles as model particles22. Janus 
particles are named after the Roman god “Janus” who has two faces looking in opposite 
directions to describe a special class of colloidal particles with different chemical makeups 
on their two hemispheres23-25. Janus nanoparticles are increasingly manufactured in 
biomedical applications for drug delivery, molecular imaging, and bimolecular labeling26. 
Because the surface charge of Janus particles can be controlled during the manufacturing 
process, the impact of surface charge heterogeneity on the transport can be accurately 
measured. 
1.2 Project goals and objectives 
The overall goal of this research is to investigate surface heterogeneity on colloids 
and its effect on transport and retention in porous media. The central hypothesis of this 
work is that particle surface heterogeneity will significantly change the particle attachment 
onto flat surfaces and their transport in porous media.  In order to testify this central 
hypothesis, an innovative method was developed to make Janus particles that are suitable 
for transport studies. The surface potential and particle size distribution of Janus 
nanoparticles were characterized under different ionic strength and pH. The surface 
properties of the Janus nanoparticles were characterized using a Kelvin Probe Force 
Microscopy and atomic force microscopy (AFM). The interaction between Janus particles 
and a surface was analyzed using Derjaguin, Landau, Verwey and Overbeek (DLVO) 
theory27,28. The deposition of Janus particles on a flat surface was measured using a quartz 
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crystal microbalance with dissipation monitoring (QCM-D). The deposition and retention 
of Janus nanoparticles in porous media were observed using microfluidic channel filled 
with single layer glass beads under confocal microscope. This work consists of four 
research objectives. 
Research Objective 1: Develop methods to produce Janus particles with different 
levels of surface charge heterogeneities that are suitable for transport studies 
• Task 1-1: Develop methods to produce Janus SiO2 nanoparticles with different 
types and levels of surface charge heterogeneity.  
• Task 1-2: Characterize Janus SiO2 nanoparticles in different IS and pH to observe 
their effects on zeta potential and particle size. 
• Task 1-3 Characterize the surface properties of Janus SiO2 nanoparticles using 
KPFM and AFM. 
Research Objective 2: Analyze the interaction between Janus particles and flat 
surfaces  
Hypothesis: An average surface potential for a particle can result in a wrong prediction of 
interaction energy between the particle and the surface, if surface charge distribution on 
the particle surface is neglected.  
• Task 2-1: Estimate the DLVO interaction energy between Janus nanoparticles and 
a flat surface using the surface element integration method  
• Task 2-2: Monte-Carlo simulation of interactions between Janus particles and the 
flat surfaces  
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Research Objective 3:  Evaluate the impacts of surface charge heterogeneity on the 
attachment of Janus particles onto flat surfaces 
Hypothesis: Presence of charge heterogeneity on the surface of colloids will enhance 
deposition under unfavorable conditions;  
• Task 3-1: Evaluate deposition onto a negatively charged surface (control, ½, fully 
covered)  
• Task 3-2: Evaluate deposition onto a positively charged surface (control, ½, fully 
covered)  
Research Objective 4: Investigate the transport and retention behavior of Janus 
particles in porous media 
Hypothesis: Presence of charge heterogeneity over the colloid surface may lead to more 
retention on the open surface of a grain collector with increasing level of colloid charge 
heterogeneity.  
• Task 4-1: Detect and visualize the attachment of Janus SiO2 nanoparticles (RITC) 
on glass beads in a microfluidic channel using a fluorescence confocal microscope.  
• Task 4-2: Evaluate the deposition of Janus SiO2 nanoparticles onto a positively 




CHAPTER 2: DEVELOPMENT AND CHARACTERIZATION OF JANUS 
NANOPARTICLE TO MODEL SURFACE CHARGE HETEROGENEITY ON A 
COLLOID 
2.1 Introduction 
The impact of colloidal surface charge heterogeneity on transport and retention 
behavior can be investigated by synthesizing Janus particles22. In recent years, there is an 
increase in manufacturing Janus particles because of their applications in biomedical such 
as drug delivery, molecular imaging, and bimolecular labeling26. The methods to 
synthesize Janus particles have improved as interest has grown, such as directional 
coating29 and microfluidic systems 30.  
Directional coating or modification of top surfaces of immobilized monolayer 
particles on a flat substrate was one of the early methodologies used for Janus particle 
fabrication and still widely used today. The benefits of directional coating are the 
simplicity, reliability, and the capability to be applied to a large variety of particles, particle 
sizes, or even to living cells31. In fabricating Janus particles, monolayer particles are 
immobilized on a flat surface and the side of the particles facing the surface is protected 
from chemical modification, e.g. wax in oil-water emulsion25 or PMMA32. The exposed 
top surfaces can be modified through chemical functionalization25, metal sputtering33, and 
binding of metal NPs26,34, resulting as Janus particles. The method of attachment of 
particles to the flat substrate/planar surface is important as it imparts the  ability of the 
particle to withstand removal or rotation. Physical attraction from van Der Waals forces or 
electrostatic bonding results in loose attachment and can be indusced through spin 
coating35. Stronger attachment can be achieved by entrapping particles in polymers films, 
6 
 
gel interfaces, or covalent bond formation. For example, Paunov and Cayre (2004) 
demonstrated a gel trapping technique where silica beads are monodispersed on oil-water 
emulsion and PDMS is used to replace the oil phase and to entrap the silica beads (Fig. 2-
1). The embedded particles are then modified via gold sputtering.   
 
Figure 2-1. Schematic of gel trapping technique29. 
Microfluidic systems produce Janus particles by controlling liquid flow either in a 
Y-shaped or parallel channel and subsequent solidification of emulsion droplets. Nisisako 
et al. (2006) demonstrated the formation of Janus droplets by injectinging two monomers 
into a Y-shaped microfluidic system, which formed a combined stream in the Y-junction 
(Fig. 2-2). Diffusive mixing and convective transport in microchannels are important to 
control the formation and breakup of droplets at the junction. Janus droplets are synthesized 
by thermal polymerization outside the fluidic module. The residence time during thermal 
polymerization is critical in synthesizing Janus droplets. With microfluidic systems, a 
variety of Janus particles can be produced by changing the monomers flowing into the 
channel. The setback of the system is the small amount of Janus droplets produced with a 
single junction. This setback can be solved by creating a complex microfluidic channel that 




Figure 2-2. Schematic of the channel and flow configuration. 
2.2 Materials and methods 
 2.2.1 Janus NP synthesis and characterization 
Silicon (IV) Oxide nanoparticle (SiO2 NP) powder with an average particle size of 
500 nm was purchased from Alfa Aesar (Massachusetts, USA). Polymethyl methacrylate 
(PMMA), poly-L-lysine hydrobromide (PLL) with a molecular weight of 70,000 – 150,000 
by viscosity, 3-aminopropyl triethoxysilane (APTES), and a cellulose membrane syringe 
filter with a pore size of 0.2 µm were purchased from Sigma Aldrich (St. Louis, USA). 
Silicon wafers (diameter: 50.8 mm, resistivity: 0-100 ohm-cm, thickness: 320-350 µm 
thick) were purchased from University Wafer (USA). 
The surface of SiO2 NPs was cleaned with a piranha solution (a mixture of H2SO4 
and H2O2) and rinsed with nanopure water (18.2 MΩ-cm, Barnstead Nanopure system). 
SiO2 NPs were dried at 80°C in an oven overnight and dispersed in a 1% wt/wt solution of 
4:1 deionized (DI) water:ethanol in an ultrasonic water bath (FS 60, 100 W, 42 kHz, Fisher 
Scientific, Pittsburg, PA). A 10% w/v PMMA solution was prepared by dissolving PMMA 
powder in toluene. The solution was sonicated and then submerged in a water bath at 80°C 
overnight. A 0.1 mg/mL PLL solution was prepared by dissolving PLL in DI water via 
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sonication and subsequent filtering through a 0.2 µm syringe. Excess PLL was stored at 
4°C. 
Janus particles were synthesized by modifying a previously published procedure32, 
as described below. Si wafers were cut into a size of approximately 1 x 1 cm2; cleaned by 
sonication with acetone, isopropyl alcohol (IPA) and DI water for 30 min, 20 min, and 10 
min, respectively; and dried with N2 gas. The surface was made hydrophilic by submerging 
the wafers in piranha solution for 12 hours, followed by rinsing with DI water and drying 
under N2 gas. A superhydrophilic surface was achieved by submerging the wafers in a 
solution of DI water: NH4OH: H2O2 at a ratio of 5:1:1 by volume at 80°C and then rinsing 
and drying35. 
Two hundred microliters of 10% wt/wt SiO2 NP solution were spin-coated on the 
surfaces of Si wafers at rates of 200 rpm, 1000 rpm, and 2000 rpm for 60 s, 120 s, and 15 
s, respectively, creating a single particle layer on the Si wafer, as illustrated in Figure 2-3. 
After drying, 90 µL of 10% w/v PMMA solution was spin-coated at 3000 rpm for 60 s 
(step 2). The wafer was left at room temperature for several hours to allow smooth uniform 
coverage of PMMA and then annealed for 2 hours at 90°C. The sample was then exposed 
to O2 plasma to partially remove the PMMA layer from the sample (step 3). This process 
generated openings in the PMMA layer on top of the SiO2 NPs, which were available for 




Figure 2-3. (A) Schematic diagram of Janus particle synthesis and (B) molecular structure 
of a single Janus particle. Green circles denote APTES, and blue curves denote PLL. 
By controlling the duration of O2 plasma exposure, we controlled the thickness of 
the removed PMMA layer and the size of the SiO2 NP surfaces for further modification. 
Figure 2-4 shows SEM images of PMMA coverage on SiO2NPs after exposure to O2 
plasma for different lengths of time. As a result of our systematic optimization and error 
tests, it was determined that 1.75 min was needed to remove approximately half of the 




Figure 2-4. SEM images of PMMA coverage on SiO2NPs at a 45° angle after (A) 105 s 
and (B) 780 s exposure to O2 plasma.  
SiO2 NPs partially covered with PMMA were submerged in a mixture of 0.95 µL 
of APTES and 5 mL ethanol for 1 day on top of an orbital shaker, which provided an 
opportunity to functionalize the exposed portion of the SiO2 NP surfaces with the NH2 
functional groups in APTES (step 4, Figure 2-3). Excess APTES was removed by rinsing 
with DI water and drying with N2 gas. The sample was then submerged in PLL solution 
for 1 hour to allow PLL to bond with the NH2 functional groups in APTES, creating 
positively charged surfaces (step 5, Figure 2-3). Excess PLL was removed by rinsing with 
DI water and drying with N2 gas. The PMMA coverage was then removed by shaking the 
Si wafer in acetone solution on an orbital shaker for 5 minutes, rinsing with DI water, and 
drying with N2 gas. SiO2 NPs partially covered with PLL, namely, Janus SiO2 NPs, were 
dispersed in 1 mM NaCl solution at pH 7 in an ultrasonic water bath (step 6, Figure 2-3).  
For comparison purposes, we synthesized control SiO2 NPs and PLL-SiO2 NPs. 
Control SiO2 NPs refer to SiO2 NPs that were exposed to all procedures and chemicals 
until step 3 of the Janus NP synthesis procedure (Figure 2-3). Then, the PMMA was 
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completely removed by exposure to O2 plasma for 20 min and cleaned with acetone. 
Control SiO2 NPs were exposed to all chemicals that the Janus SiO2 NPs were exposed to, 
except APTES and PLL. PLL-SiO2 NPs were created by following the same procedure 
used to synthesize the control SiO2 NPs and were then exposed to APTES and PLL to 
achieve full PLL coverage on the surface of SiO2 NPs. The number-weighted 
hydrodynamic diameter distribution and zeta potential of all particles were measured using 
a 90Plus particle size analyzer and ZetaPals zeta potential analyzer, respectively 
(Brookhaven Instruments Corporation, Holtsville, NY). 
 2.2.2 Atomic Force Microscopy (AFM) imaging procedure 
Control SiO2, Janus SiO2, and PLL-SiO2 NPs were spin-coated on Si wafers and 
left to dry under ambient conditions before being placed onto the atomic force microscopy 
(AFM) stage. All AFM height images and force maps were obtained using an Asylum 
MFP-3D-Bio AFM (Asylum research, Santa Barbara, CA) and a rectangular-shaped Si 
cantilever (Asylum research, Santa Barbara, CA). The AFM cantilevers were used as 
received from manufacture. Force mappings were conducted by taking force-displacement 
curves over 1 µm x 1 µm of sample areas with a scan rate of 0.4 Hz and an XY velocity of 
6 µm/s. The sampling area was divided into a grid pattern (16-pixel x 16-pixel) and the 
single force spectroscopy measurement was performed at the center of every pixel, each 
time collecting trace and retrace force -displacement curves, with a contact force of 700 
nN. The collected force-displacement curves were analyzed using IGOR Pro 6 
(Wavemetrics, Portland, OR) software. For each force-displacement curve, the adhesion 
force Fadhesion was calculated by returning the difference of the average of the last 10 points 
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and the minimum of the retrace curve. The obtained adhesion forces were used to construct 
a force map.    
2.2.3 Kelvin Probe Force Microscopy (KPFM) Imaging procedure 
Janus SiO2 NPs dispersed in DI water were spin-coated on Si wafers. Each Si wafer 
was left to dry under ambient conditions before being placed onto an atomic force 
microscope (AFM) stage. KPFM images were obtained using a Bruker Dimension ICON 
AFM operating in the peak force KPFM mode. The interleave amplitude was 2 V, with a 
peak force amplitude and frequency of 150 nm and 2 kHz, respectively. A Bruker’s new 
SCM-PIT-V2 platinum-iridium-coated tip (cantilever length 225 µm, resonance frequency 
65 kHz, spring constant 2.8 N/m) and a D scan head (maximum scan area is 5 x 5 µm2) 
were used in the study. Scan rates were set to 0.498 Hz in tapping KPFM mode at a 100 
nm lift scan height. The KPFM images were processed using Nanoscope analysis software. 
2.3 Results and Discussion 
2.3.1 Stability of particle size distribution 
The stability of the particle size distribution was investigated for control SiO2 NP, 
Janus SiO2 NP, and PLL-SiO2 NP suspensions in 1 mM NaCl at pH at 0 min, 10 min, and 
40 min after sonication (Figure 2-5). Figure 2-5A shows that the control SiO2 NPs had an 
average particle diameter of 712.4 nm, ranging from 299.4 nm to 1433.9 nm. The 
distribution of control SiO2 NPs was sharp and maintained almost no change within the 
first 10 min. The particle size distribution only slightly shifted to the right after 40 min, 
which showed that a small number of particles could form aggregates during this period. 
The mean particle diameter of PLL-SiO2 NPs was 820.7 nm at 0 min, which was slightly 
higher than that of control SiO2 NPs (Figure 2-5C). The slightly higher mean particle size 
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of PLL-SiO2 NPs could be attributed to the PLL layer adsorbed on the surface of positive 
SiO2 NPs. 
 
Figure 2-5. Particle size distribution of (A) control SiO2 NPs, (B) Janus SiO2 NPs, and (C) 
PLL-SiO2 NPs in 1 mM NaCl pH 7 solution at different wait times: 0 min (blue), 10 min 
(orange), and 40 min (yellow) after the sonication process. 
According to a previous study by Wang & Chang36, the mean chain length of PLL 





















































PLL-SiO2 NPs remained relatively stable, with a slight increase in larger sized particles 
over time. The particle size distribution of Janus SiO2 NPs (Figure 2-5B) was wider than 
that of both control SiO2 and PLL-SiO2 NPs. At 0 min, the mean particle size of Janus SiO2 
NPs was 1755.6 nm and ranged from 552.4 nm to 4217.1 nm. The presence of much larger 
sizes of Janus SiO2 NPs indicated aggregate formation in the Janus particle suspension. 
Janus particles were partially positively charged with PLL and partially negatively charged. 
Part of the particle surface of a Janus particle may attract the oppositely charged surfaces 
of other Janus particles.  
Hong et al.37 indicated that charged Janus particles may assemble to form 
equilibrated aggregates. Molecular simulations showed that half of each cluster was 
predominantly positively charged, while the other half was predominantly negatively 
charged. Thus, the charge asymmetry of individual Janus particles was preserved in the 
cluster. We expect that was the case in our Janus SiO2 NP suspension, where up to 4-5 
original SiO2 NPs assembled in the solution to form primary heteroaggregates at the higher 
end of the particle size distribution. With increasing time, the distribution of Janus SiO2 
NPs became slightly wider and slightly shifted to the right at 40 min, which indicated 
slightly increased aggregation over time. Theoretically, the positive side of one cluster will 
attract the negative side of another cluster over time, resulting in secondary aggregate 
formation. Because the concentration of Janus SiO2 NPs in the suspension was low (i.e., 
10 ppm), the cluster formation was relatively slow. Because the particle size distribution 
did not show a significant change in the 40-minute period, the Janus SiO2 NP suspensions 
can be considered relatively stable within this time framework. 
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2.3.2 Impact of Ionic strength on the zeta potential of Janus NP suspensions 
We evaluated the zeta potentials of Janus SiO2 NP suspensions in a range of IS and 
compared them with the zeta potentials of control SiO2 NPs and PLL-SiO2 NPs for freshly 
made solutions (Figure 2-6A) and solutions 20 minutes after sonication (Figure 2-6B). For 
freshly made NP solutions in 1 mM NaCl, control SiO2 NPs carried a negative charge of -
23.07 mV, as expected. The PLL-SiO2 NPs had a positive charge of 28.29 mV in 1 mM 
NaCl, indicating that the surfaces of these particles were well covered by positively 
charged PLL. The zeta potential of Janus SiO2 NPs was 1.65 mV in 1 mM NaCl. The 
slightly positively charged zeta potential indicated that the surface of Janus SiO2 NPs was 
partially negative and partially positive, exhibiting surface conditions similar to those of 
the control SiO2 NPs and PLL-SiO2 NPs, respectively. Therefore, the overall surface 
potential, or zeta potential, was slightly positively charged. 
 
 
Figure 2-6. Zeta potential of control SiO2 NPs, Janus SiO2 NPs, and PLL-SiO2 NPs at 
different ionic strengths in pH 7 solution at 0 min (A) and 20 min (B) after sonication. 
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With an increase in IS, the zeta potential values of the control SiO2 NPs remained 
very stable. For both PLL-SiO2 NPs and Janus SiO2 NPs, zeta potential values 
significantly decreased with increasing IS. The decrease in zeta potential under higher IS 
for positive SiO2 NPs and Janus SiO2 NPs can be attributed to modification of the PLL 
conformation due to the change in cations in the solution. PLL is an interesting polypeptide 
material whose secondary structure can be converted to an α-helix, β-sheet, or random coil 
based on its surrounding water chemistry (e.g., solvents and temperatures)36. While PLL is 
typically in a random coil conformation at a neutral pH, the presence of ionic species can 
change its conformation to an α-helix. In this work, with the increase in IS, PLL was 
converted from a random coil, a relatively loose structure, to an α-helix, a relatively 
compressed structure. We hypothesize that the flat α-helix conformation of PLL will allow 
more negatively charged sites on the surface of SiO2 NPs to be exposed, leading to more 
negative zeta potential values. The reorganization has smaller effects on the zeta potential 
for Janus NPs compared with PLL-SiO2 NPs due to the smaller amount of PLL attached to 
the Janus NP surface. 
Twenty minutes after sonication (Figure 2-6B), the zeta potential values of the 
control SiO2 NPs remained similar to those of the freshly made suspension (Figure 2-6A) 
and were constant when the IS changed from 1 mM to 20 mM. The zeta potential of PLL-
SiO2 NPs decreased from 28.29 mV at 0 minutes after sonication (Figure 2-6A) to 17.69 
mV at 20 minutes after sonication (Figure 2-6B). Similarly, the zeta potential of Janus SiO2 
NPs was reduced from 1.65 mV (Figure 2-6A) at 0 minutes to -2.33 mV (Figure 2-6B) at 
20 minutes after sonication. The reduction in zeta potential over time is consistent with the 
slight increase in particle size over time (Figure 2-5), both of which may be attributed to 
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cluster formation over time. Twenty minutes after sonication, the zeta potential values of 
both Janus SiO2 NPs and PLL-SiO2 NPs showed the same decreasing trend with the 
increase in IS (Figure 2-6B) due to the conformational change of PLL under higher IS. 
2.3.3 Impact of pH on the zeta potential of Janus NP suspensions 
The zeta potentials of Janus SiO2 NPs, PLL-SiO2 NPs and control SiO2 NPs in 1 
mM NaCl are reported in Figure 2-7 when the pH was varied from 3 to 10. With the 
increase in pH value, more hydroxides were added to the suspension, and thus, the particles 
tended to acquire more negative charge. Previous work38 has reported that SiO2 particles 
have a negative zeta potential when the pH is higher than 2, which is consistent with our 
data. The zeta potential of the PLL-SiO2 NPs decreased from 31.91 mV at pH 3 to -16.86 
mV at pH 10. The isoelectric point, or the pH at which the particle zeta potential is zero, 
was between pH 7 and 9. The zeta potential of Janus SiO2 NPs decreased from 7.57 mV at 
pH 3 to –22.95 mV at pH 10. The zeta potential of Janus SiO2 NPs at pH 7 was 1.65 mV, 
indicating that the isoelectric pH point for Janus SiO2 NPs is just slightly higher than 7. 
The change in the zeta potential of Janus SiO2NPs was relatively flat under acidic 





Figure 2-7. Impact of pH on the zeta potential of SiO2NPs, Janus SiO2 NPs, and PLL-SiO2 
NPs in 1 mM NaCl. 
Previous work38 has reported a strong effect of pH on the zeta potential of PLL. 
According to Naassaoui and Aschi39, the zeta potential of PLL remained relatively stable 
at approximately 40 mV when the pH was less than 5.2. With increasing pH, the zeta 
potential of PLL quickly decreased and approached neutral at a pH value of 10.6. 
Experimental results and molecular simulations also showed that the PLL conformation 
changed from random coil to α-helix with an increase in pH value. For Janus SiO2 NPs and 
PLL-SiO2 NPs, the zeta potential of PLL adsorbed on the SiO2 surface decreased with the 
increase in pH, leading to reduced overall NP zeta potentials. In addition, with PLL 






























negatively charged SiO2 sites, which accelerates the reduction in overall zeta potential at 
higher pH values. 
2.3.4 AFM force map distribution 
AFM is not only an imaging method, but also a versatile platform for direct 
measurements of intramolecular and intermolecular forces. The force detection can provide 
useful information of the measured interaction between the surface and the cantilever40-44. 
The measured forces can be used to realize the AFM force mapping of the surface45-47. 
Therefore, the spatial distribution of the force map can be an indirect indicator of the 
surface charge heterogeneity.  
Figure 2-8 A shows an AFM image of SiO2 NPs on Si wafer where several SiO2 
NPs are in contact with each other. Figures 2-8 B and C are the measured height map and 
the adhesion force map of the same sample area. Figure 2-8 D provides the actual adhesion 
force and height along the red line in Figure 2-8 C. As shown in Figure 2-8D, the adhesion 
force between SiO2 NPs and the cantilever ranged from 11 nN to 15 nN , which was in 
brown. At the boundary of SiO2 NPs, the adhesion force measurement was not reliable due 
to the big height difference occurring within one pixel. This is shown as one abnormally 




Figure 2-8. SiO2 characterization: (A) AFM image; (B) height based on force map; (C) 
adhesion force map of SiO2; (D) adhesion force and the height along the red line in C. 
Height and adhesion force maps of SiO2 NPs, Janus SiO2 NPs, and PLL-SiO2 NPs 
are shown in Figure 2-9. Please note that legends for each figure are different here. Due to 
technical difficulties of the software, it is not possible to keep all legends consistent. In the 
experiment, we aligned Janus SiO2 NPs on the surface of silica wafer in a way that the part 
of the surface coated with APTES/PLL was on the top. On PLL-SiO2 NPs, all the surfaces 
were coated with APTES/PLL. Therefore, it is expected that the adhesion force maps were 
similar between Janus SiO2 NPs and PLL-SiO2 NPs. Based on the legend scales, both Janus 
SiO2 NPs (Figure 2-9E)  and PLL-SiO2 NPs (Figure 2-9F) had higher adhesion force on 
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the surface (ranging from 17 nN  to 50 nN) than the adhesion force with SiO2 NPs (ranging 
from 11 nN to 15 nN). Figure 2-10 shows the adhesion force on top of the NPs.  The higher 
adhesion force for Janus SiO2 NPs and PLL-SiO2 NPs was caused by the interaction 
between PLL and AFM cantilever, which indirectly indicated that we have successfully 
attached PLL on the surface of SiO2 NPs to create particle surface heterogeneity. 
 
 
Figure 2-9. (a-c) Height based on force map and (d-f) adhesion force maps of SiO2, Janus 




Figure 2-10. Adhesion force of SiO2 NPs, Janus SiO2 NPs, and PLL-SiO2 NPs. 
2.3.5 KPFM surface charge distribution 
KPFM is a scanning probe-based technique that allows investigation of the surface 
charge distribution48. Figure 2-11A shows the surface potential distribution of a single 
Janus SiO2 NP on the surface of a Si wafer. The surface height of this Janus SiO2 NP 
(Figure 2-11B), as shown along a cross section indicated by a white vertical line in Figure 
2-11A, reached a maximum of 710 nm. As shown here, the surface potential on the Si 
wafer remained constant, while the surface potential on the Janus SiO2 NP was 
heterogeneously distributed. A large part of the Janus SiO2 NP was negatively charged, 


























surface of the silica wafer, as indicated by the purple color. Figures 2-11B and 2-11C 
provide a cross-sectional analysis of the Janus SiO2 NP surface potential. In the horizontal 
cross section (Figure 2-11B), the surface potential of the Janus SiO2 NPs gradually 
increased from -0.5 mV to 3.07 V relevant to the silica wafer surface. In the vertical cross 
section (Figure 2-11C), the surface potential varied drastically. The positive charge on the 
surface indicated successful bonding of PLL, a positively charged polymer, on the surface 
of the Janus SiO2 NP. The oscillation of the surface potential in the vertical cross section 
indicates that the surface coverage of PLL is not homogeneous. PLL was attached on top 
of APTES, which was only bound to favorable sites on the surface of SiO2 NPs. The 
heterogeneous surface potential distribution of the particles showed that the procedure 
described above led to synthesis of heterogeneously charged Janus SiO2 NPs. Janus SiO2 
NPs synthesized following this approach were used as a model to represent the surface 




Figure 2-11. (A) Surface potential distribution map of a Janus SiO2 NP on the surface of a 
Si wafer measured by KPFM; (B) surface potential distribution along the dashed horizontal 
white line in (A); (C) surface potential distribution along the vertical solid white line in 
(A). 
2.4 Conclusions 
We developed an innovative method to create Janus nanoparticles with surface 
heterogeneity, by attaching APTES/PLL on the surface of SiO2 NPs. Janus SiO2 NPs were 
characterized by measuring the zeta potential and particle size distribution under different 
water chemistry over time. AFM adhesion force measurement of modified surfaces of both 
Janus SiO2 and PLL-SiO2 NPs were similar to each other, and higher than non-modified 
surface of SiO2 NPs.   The AFM force map measurements indirectly indicated the 
successful attachment of PLL to the surface of Janus SiO2 NPs and PLL-SiO2 NPs. We 
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demonstrated the presence of heterogeneous surface potential distribution on the surface 
of Janus SiO2 NPs using KPFM. 
 Janus SiO2 NPs developed in this study were relatively stable because the particle 
size distribution did not show significant change in the 40-minute time period. Some 
aggregation was observed for Janus SiO2 NPs in suspension due to the tendency of Janus 
SiO2 NPs to form equilibrated aggregates. Zeta potentials of Janus SiO2 NPs decreased 
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CHAPTER 3: ANALYZING THE INTERACTION BETWEEN JANUS 
PARTICLES AND SURFACES 
3.1 Introduction 
The interaction energy between a colloid particle and a surface has been typically 
defined by the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory1,2. The DLVO 
theory estimates the total interaction forces as a summation of van der Waals attraction and 
electrostatic double layer repulsion. The electrostatic double layer repulsion becomes 
significant when a colloid approaches a surface such that the double layers begin to 
interfere. Under favorable conditions, or when the colloid and the surface are opposite-
charged, DLVO theory predicts overall attractive interaction energy, leading to the 
deposition of colloids onto the surfaces. Under unfavorable conditions, or when the colloid 
and the surface carry the same type of charge, DLVO theory predicts a repulsive energy 
barrier. Only if the particles possess kinetic energy higher than the energy barrier, can they 
reach the surface and attach to it (Figure 3-1). DLVO theory assumes that all colloidal 
particles are homogeneously charged. This assumption does not reflect the real condition 
of colloids and nanoparticles in the environment.  
All-natural particles possess varying degrees of surface heterogeneities. We used 
Janus particles3 as a simplified model to investigate how surface charge heterogeneity can 
impact interaction energy. Particularly, we used a surface element integration (SEI) 
approach to incorporate the surface charge heterogeneity into the calculation of DLVO 
interactions. The method established in this chapter was used to analyze the experimental 
findings. Findings from this analysis were used to guide the experimental design to 




Figure 3-1. DLVO interaction energy (Molnar, et al., 2015, WRR)4 
3.2 Research Method  
3.2.1 Surface element integration (SEI) in spherical coordinates 
The interaction surface element integration (SEI)5 method was used in this work to 
estimate the DLVO interaction between a spherical Janus particle (half positively charge 
and half negatively charged) and a flat surface. The SEI was previously used to estimate 
the interactions between rod-shaped particles and a flat surface6,7, and the interactions 
between spherical particles and a rough surface 8,9.  
In SEI, integration of the differential interaction energy of every differential area 
element over the particle surface leads to the overall interaction energy between a particle 
and an infinite flat surface: 
𝑈 = ∫ (
𝑆
?⃑?  . ?⃑? ) . 𝐸(ℎ)𝑑𝑆      (3-1) 
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Here, ?⃑?   is the outer unit normal vector on the surface element dS and ?⃑?   is a unit vector 
normal to the flat surface (directed along the positive Z-axis). E(h) is the interaction energy 
per unit area between two planar surfaces located at a distance h; and U is the total 
interaction energy between the particle the infinite surface (Figure 3-2). 
 
Figure 3-2. Simplified illustration of interaction between a spherical particle and an 
infinite plate. 
In a spherical coordinate system (Figure 3-3), 
𝑥 = 𝑟 sin 𝜃 cos ∅ , 𝑤ℎ𝑒𝑟𝑒 0 < 𝜃 < 𝜋     (3-2) 
𝑦 = 𝑟 sin 𝜃 sin ∅                  0 < ∅ < 2𝜋    (3-3) 
𝑧 = 𝑟 cos 𝜃        (3-4) 




Figure 3-3. Spherical coordinates of a sphere. 
The total interaction energy U can be written as: 








| 𝑑𝜃𝑑∅      (3-6) 
For a location on the surface of the sphere, the partial derivatives of r are: 
𝜕𝑟 
𝜕𝜃
= 𝑟 cos 𝜃 cos ∅ 𝑖 + 𝑟 cos 𝜃 sin∅ 𝑗 − 𝑟 sin 𝜃 ?⃑?      (3-7) 
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𝑖 𝑗 ?⃑? 
𝑟 cos 𝜃 cos ∅ 𝑟 cos 𝜃 sin ∅ −𝑟 sin 𝜃
− 𝑟 cos 𝜃 sin∅ 𝑟 sin 𝜃 cos ∅ 0
| 
= 𝑟2𝑠𝑖𝑛𝜃 (sin 𝜃 cos ∅ 𝑖 − sin 𝜃 sin∅ 𝑗 + cos 𝜃 ?⃑?  )   (3-9) 

















𝑟2𝑠𝑖𝑛𝜃 (sin𝜃 cos∅𝑖 −sin𝜃 sin∅𝑗 +cos𝜃?⃑? )
𝑟2𝑠𝑖𝑛𝜃
      
  
?⃑? = sin 𝜃 cos ∅ 𝑖 − sin 𝜃 sin∅ 𝑗 + cos 𝜃 ?⃑?   (3-10) 
Then,    
?⃑?  . ?⃑? = cos 𝜃       (3-11) 
Finally:  
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Or,   
𝑈(𝐷) = ∫ 𝑑𝜃
𝜋
0
∫ 𝑟2 sin 𝜃 cos 𝜃  𝐸(ℎ)  𝑑∅
2𝜋
0
  (3-13) 
Where, h is the distance of surface of sphere particle to the plate:  
ℎ = 𝐷 + 𝑟 − 𝑟 cos 𝜃     (3-14) 
D is the closest distance between the infinite surface and the closest point of the sphere. 
 
3.2.2 Van der Waals Interaction Energy 
According to the DLVO theory, E(h) is a summation of van der Waals attraction 
and electrostatic repulsion.  Van der Waals interaction energy between a sphere and a flat 





      (3-15) 
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Where AH is the effective Hamaker constant of interacting media and a is sphere radius. 
Because Van der Walls interaction is not dependent on the surface charge, van der Waals 














)]   (3-16) 
3.2.3 Electrostatic Double Layer Interaction Energy 
The Double layer interaction energy10 between a sphere and a flat plate per unit 
















,                                                        (3-18) 
Here, 𝜑𝑠 and 𝜑𝑝 are the surface potential of sphere and flat plate, respectively. NA is the 
Avogadro constant (6.02×1023), e is the electron charge (1.6×10-19 C). k is the inverse 
Debye length, KB is Boltzmann constant (1.38×10-23 J/K), ɛ0 (8.85×10-12 C
2/JM) is the 
permittivity of vacuum and ɛr (80.1 C
2/JM) is the relative dielectric constant of the medium. 
T is the temperature (293 K), and Ic is the nanoparticle solution ionic strength (M). For 
Janus particles, we consider particles with differently charged halves. Therefore, the total 
net interaction energy can be calculated as the summation of two parts: 
𝑈(𝐷) = ∫ ∫ 𝑟2 sin 𝜃 cos 𝜃  𝐸1(ℎ)  𝑑𝜃 𝑑∅
2𝜋
∅=0








Here, E1(h) and E2(h) correspond to the double layer interaction energy for the two parts 




3.2.4 Incorporation of particle orientation. 
When a Janus particle approaches a surface, it may rotate. The orientation of the 
particle to the plate will impact the double layer energy between the Janus particle and the 
surface. Orientation is incorporated in the DLVO interaction energy calculation to address 
the interaction between a Janus particle and a plate in some limited conditions. Particularly, 
we considered orientations of two hemispheres with different surface charges when 
projecting the Janus particle onto the y-z plane (Figure 3-4). Th rotation was considered to 
occur around the coordinate x, as indicated in Figure 3-4. These orientations are selected 
because surface heterogeneity is most sensitive when particle rotating in these situations.  
           
Figure 3-4. Illustration of Janus particle with surface charge heterogeneity (up) and rotated 
Janus particle (bottom). 
Briefly, the Janus particle surface was divided into four quadrants to incorporate 
the surface of the particle facing or away from the plate and upper and lower half of the 
particle (Figure 3-5B). The quadrant was used to develop an ‘if function’ in Matlab, which 
described the condition of the rotation angle and the surface charge of Janus particles 
associated in that quadrant. For example, when the Janus particle rotated around x-axis for 




the plate were calculated as the summation of the interaction for all 6 divisions of the 
particle, as indicated in Figure 3-5C.   
 
Figure 3-5. Schematic for considering orientations of a Janus particle to a plate: A) surface 
potential of upper half (𝑄𝑢) and lower half (𝑄𝑙) of Janus particle, B) four quadrants 
separating Janus particle, C) separation divisions in each quadrant with a 45o rotation. 
As an example, when a Janus particle rotates an angle of Ao (Figure 3-4), the double layer 
interaction energy can be expressed as: 


































   
(3-20) 
The overall interaction energy calculation was coded in MATLAB.  
3.2.5 Modeling Scenarios 
We evaluated the impacts of charge imbalance between two surfaces on the Janus 
particle and the particle size on the interaction energy under a series of orientations. Six 
different simulations were designed, as shown in Table 3-1.  Both positively charged and 
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negatively charged surfaces were considered when evaluating the impact of charge 
imbalance of Janus particles. In each simulation, Janus SiO2 was rotated in the clockwise 
direction as shown in Figure 3-6.   
Table 3-1. Simulation Scenarios. 
Scenario No. Particle size (nm) Qu (mV) Ql (mV) Plate surface potential 
(mV) 
1 500 -30 30 +25 -40 
2 500 -30 10 +25 -40 
3 500 -25 30 +25 -40 
4 100 -30 30 -40 
5 1500 -30 30 -40 
6 500 -120 120 -40 
 
 
Figure 3-6. a) Schematic of a Janus Particle at (b) 0o, (c) 90o, (d) 180o, and (e) 270o angle. 
3.2.6 Monte Carlo Simulation 
In order to evaluate the probability of deposition when Janus SiO2 NPs approach to 
a surface with rotational motion, we conducted Monte Carlo simulations. As a SiO2 NPs 
gets close enough to the surface, the orientation of the heterogeneous patch (as noted in 
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Figure 3-6) can be at any angle between 0o and 360o. Here, we assume that the rotation 
angle follows a uniform distribution between 0o and 360o.  
Monte-Carlo simulations were performed for all conditions shown in table 3-2. For 
each condition, 2000 simulations were conducted. Each simulation corresponded to a 
random orientation at a distance of 1.61 nm between the Janus SiO2 NP and the flat surface, 
which was generated from a uniform distribution probability function between 0o and 360o.  








Positive Negative  
1 500 -30 30 
25 -40 
 
2 500 -30 10  
3 500 -25 30  
4 100 -30 30  
5 1500 -30 30  
6 500 -120 120  
 
3.3 Results and Discussion 
3.3.1 Impacts of charge imbalance on the interaction energy  
Figure 3-7 shows the DLVO interaction energy between a Janus particle with a 
neutral overall-charge (Scenario #1), negative overall-charge (Scenario #2), and positive 
overall-charge (scenario #3) and a positively charged surface (Figure 3-7, right) and a 
negatively charged surface (Figure 3-7, left). For each condition, interaction energy was 
shown at three different orientation angles, including 0o, 90o, and 270o. As mentioned 
before, the DLVO interaction energy is the summation of Van der Waals (VDW) and 
electric double layer (EDL) interaction energy. Van der Waals interaction energy is 
constant for different particle orientation because it is only affected by the size of the 
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particle. Hence, the change of interaction energy with particle orientation was depended 
only on the EDL interaction energy.  
For a Janus particle with a neutral overall-charge (scenario #1) at 0o orientation, no 
energy barrier existed between the particle and both the negatively charged surface (Figure 
3-7A) and the positively charged surface (Figure 3-7D).  At 90o rotation, the attraction 
energy between the Janus SiO2 NP and the negatively charged surface reached maximum 
as the positive side of Janus SiO2 NP is facing the surface. Simultaneously, the repulsive 
energy barrier between the Janus particle and the positively charged surface (Figure 3-7D) 
reached the maximum at 90o rotation, as the positively side of the Janus particle is facing 
the positively charged surface. The interaction between a Janus particle at 270o rotation 
with the surfaces were in opposite trends as those for a Janus particle at 90o rotation.  
Scenarios #2 and #3 followed the same trend as Scenario #1, but with different 
magnitudes of the interaction energy between a Janus particle and the surfaces. The 
interactions between a negative overall charged Janus particle and a positive surface 
(Figure 3-7E) became attractive regardless of orientation. In the situation simulated, the 
repulsive force between the positive side of a Janus particle and the positive surface was 
weaker than the attractive force between the negative side of Janus particle and the positive 
surface. This is expected, because the negative charge (-30mV) on the Janus particle was 





Figure 3-7. DLVO interaction energy of a Janus particle at neutral charge (A, D), negative 
charge (B, E), and positive charge (C, F) with a negatively charged surface (left) and a 
positively charged surface (right). 
Figure 3-8 provides a detailed view of the DLVO interaction energy between a 
neutral overall charged Janus particle and a negatively charged surface at orientation angles 
changing from 0o to 45o, with separation distances within 10 nm. In the first a few degrees 
of rotation, there was a distinct change in interaction energy. However, starting from a 
certain degree of rotation, the change in interaction energy becomes smaller as the curves 








at a distance of 1.61 nm was shown in Figure 3-8B. The interaction energy started to 
approach a constant value at 22o of the rotation.  
 
Figure 3-8. DLVO interaction energy between a Janus particle at neutral charge and a 
negatively charged surface from 0o to 45o at distance from 0.01 to 10 nm (left) and at 1.61 
nm (right). 
In Figure 3-9A, we provided the DLVO interaction energy values at 1.61 nm 
between a positive overall charged Janus particle and a negative surface when the particle 
rotaed from 0o to 360o. We can see that the interaction energy change followed a pattern. 
The magnitude of attractive energy sharply increased until about 22o. It then maintained 
relatively constant until 158o, followed by another sharp increase until 202o, another 








Figure 3-9. (a) DLVO interaction energy between a neutral overall-charged Janus particle 
and a negative surface with 360o rotation at 1.61 nm and (b) schematic of the Janus particle 
with no rotation (1) and 45o rotation (2). 
The distance to the plate was not the same everywhere on the surface of Janus 
particles. As shown in Figure 3-9B, the point A is the location closest to the plate, and C is 
the farthest point from the plate. Areas adjacent to A would produce stronger interaction 
energy than the area adjacent to point C, if the particle surface was homogeneously 
charged. Based on the combined effects of surface charge contrast between the two 
hemispheres and the distance to the plate, the simulation revealed a sensitive region at 22o 
above and below the equator of the particle. If the rotation led to charge sign change in part 
of this region, the overall interaction energy will have sharp increase or decrease. For 







region was replaced by the positively charged surface, which led to a sharp increase of the 
attractive energy. When rotating from 22o to 158o, the surface charge of the sensitive region 
remained positive, and the interaction energy did not change. This example demonstrated 
the situation that the interaction energy can be highly sensitive to the surface charge 
heterogeneity.  
3.3.2 Factors that impact the sensitivity region 
We investigated what factors may affect the scope of the sensitivity region. We 
hypothesized that both Janus particle sizes and the strength of surface potential could 
impact the sensitivity region. 
 Figure 3-10 shows the effect of particle size on DLVO interaction energy between 
Janus SiO2 at neutral charge (Scenarios #4 and #5).  When the particle size was reduced 
from 500 nm to 100 nm, the changes in DLVO interaction energy can be observed in every 
degree of rotation (Fig. 3-10A). This indicated that the sensitivity region covered the whole 
surface area of the Janus particle, when the Janus particle size was 100nm. On the contrary, 
the sensitivity region only covered 10o above and below the equator for a 1500 nm Janus 
particle (Fig. 3-10C). This finding shows that the particle size dictated the influence of 
Janus SiO2 orientation on DLVO interaction energy. When the particle was big, orientation 
of the particle did not affect the interaction energy as much. On the contrary, orientation of 
the smaller particle influences the strength of the interaction energy with the surface. In 
another words, smaller particles were more sensitive to surface heterogeneity. 
In order to examine whether the scope of this sensitive region was impacted by the 
strength of surface charge, we conducted another simulation with a neutrally overall-
charged Janus particle, but the values of surface charges were +120mV and -120mV on the 
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two hemispheres, respectively (i.e. Scenario #6 in Table 2-1).  The increase of surface 
charge in Janus particle from 30 mV to 120 mV did modify the magnitude of DLVO 
interaction energy between the Janus particle and the plate. However, the sensitivity region 
remained as 22o above and below the equator (Fig. 3-10D). The strength of the surface 
potential did not affect the sensitivity of DLVO to particle rotation.  
 
Figure 3-10. DLVO interaction energy between a negatively charged surface and an overall 
neutral-charged Janus particle with particle size of (A) 100 nm, (B) 500 nm, (C) 1500 nm 
respectively, and (D) 500 nm with increased surface charge from 30 mV to 120 mV. 
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3.3.3 Monte-Carlo Simulation Results 
Histogram of interaction energy between a Janus SiO2 NP with neutral overall 
charge (+30 mV/ -30 mV) and a positive surface (+25 mV) is shown in Figure 3-11. In this 
scenario, 854 simulations have interaction energy between 240 and 300 kBT, and 841 
simulations have interaction energy between -1200 and -1140 kBT. Between these two 
extreme conditions, the frequency of other interaction energy is very low. This is consistent 
with previous analysis of the DLVO interaction energy, as explained in Figure 3-9. As the 
orientation changed, the interaction energy remained at either a very negative value or a 
positive value, except a small sensitivity region. That sensitivity region corresponded to 
the range of interaction energy with low frequency. The histogram data showed there is 
53% chance that the interaction energy between a Janus SiO2 NP and a positive surface 




Figure 3-11. Monte-Carlo simulation of Janus SiO2 NP with particle size of 500 nm and 
neutrally overall charge on a positively charged surface (Table 3-1) with 25 mV surface 
potential at a distance of 1.61 nm. 
The attraction and repulsion probability between a Janus SiO2 NP and a flat surface 
are shown in Table 3-3. For Janus SiO2 NP with an overall neutral charge, the probability 
of attractive interaction was at 53% when interacting with both positively charge surface 
(+25 mV) and negatively charged surface (-40mV). Similar trend was observed for 
positively overall charge Janus SiO2 NP. However, this is not true for Janus SiO2 NP with 
overall negative change. 
When interacting with a positively charged surface (+25 mV), Janus SiO2 NP with 
overall negative change (-30 mV/ 10 mV) will have 100% probability to experience 
attractive interaction energy, so that attachment is guaranteed. For negative overall charge 


































of the particle and the positive surface (+25 mV) were not strong enough to overcome the 
attractive force between the negative side of the particle and the positive surface. Therefore, 
the overall interaction remained attractive overall. In the interaction with negatively 
charged surface, Janus SiO2 NP with overall negative change will have 50% probability to 
deposit. When an overall zeta potential value is used (-20mV) for such particles, DLVO 
theory will predict a repulsion to a negative surface. This Monte Carlo simulation 
demonstrated that was wrong. When a heterogeneously charged surface was considered, 
we predict a 50% probability of attachment under such condition.  
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Table 3-3. Histogram of Monte-Carlo simulation between Janus SiO2 NP with different 
overall charge (S1 = neutral, S2 = negative, and S3 = positive) and (a) positively and (b) 
negatively charged flat surface at 1.61 nm distance. 
 
 
For Janus SiO2 NP with neutral overall charge (+30mV/ -30mV), we conducted 
additional simulations with two different particle sizes (d =100nm, 1500nm) to investigate 
the impact of particle size on the deposition. As shown in Table 3-4, 100 nm Janus NPs 
have a 58% probability to deposit onto a positively charged surface, slightly higher than 
Bin Freq. Bin Freq. Bin Freq. Bin Freq. Bin Freq. Bin Freq.
-1200 -1800 -1160 -900 -1200 -1600
-1140 841 -1707 846 -1114 873 -843 793 -1143 828 -1515 797
-1080 37 -1614 25 -1068 29 -786 38 -1086 49 -1430 39
-1020 18 -1521 14 -1022 17 -729 22 -1029 28 -1345 18
-960 11 -1428 13 -976 7 -672 16 -972 14 -1260 17
-900 15 -1335 7 -930 11 -615 10 -915 9 -1175 10
-840 8 -1242 13 -884 11 -558 10 -858 10 -1090 11
-780 9 -1149 6 -838 7 -501 10 -801 10 -1005 8
-720 7 -1056 13 -792 7 -444 6 -744 8 -920 7
-660 10 -963 8 -746 12 -387 7 -687 9 -835 7
-600 11 -870 9 -700 2 -330 9 -630 9 -750 10
-540 6 -777 11 -654 7 -273 6 -573 5 -665 5
-480 11 -684 13 -608 14 -216 14 -516 8 -580 12
-420 28 -591 29 -562 24 -159 34 -459 30 -495 33
-360 17 -498 9 -516 6 -102 13 -402 9 -410 13
-300 13 -405 9 -470 6 -45 12 -345 5 -325 12
-240 10 -312 11 -424 13 12 13 -288 8 -240 13
-180 5 -219 7 -378 7 69 12 -231 13 -155 11
-120 6 -126 6 -332 5 126 11 -174 4 -70 12
-60 5 -33 9 -286 9 183 11 -117 10 15 9
0 9 60 12 -240 6 240 11 -60 5 100 10
60 8 153 10 -194 9 297 9 -3 11 185 11
120 12 246 11 -148 10 354 18 54 7 270 17
180 16 339 19 -102 15 411 15 111 11 355 16
240 33 432 26 -56 25 468 22 168 22 440 22
300 854 525 864 -10 868 525 878 225 878 525 880
Attractive
Repulsive 47 47 0 50 46 48
-40 mV25 mV -40 mV 25 mV -40 mV 25 mV
53 53 100 50 54 52
d = 500 nm, +30/-30 mV d = 500 nm, +10/-30 mV d = 500 nm, +30/-25 mV
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the probability for 500nm Janus NPs (Table 3-3).  1500 nm Janus NPs with an overall 
natural charge have 51% of probability to deposit onto a positively charged surface.  For 
interaction with a negative charged surface (-40 mV), 100 nm Janus NPs have a slightly 
higher chance (57%) than that of 1500 nm Janus NPs (50%).  This analysis shows that 
smaller sized particles are more sensitive to surface heterogeneity than larger sized 
particles.   
Finally, we investigated the impact of surface potential strength on the deposition 
of Janus particles. Particularly, we compared the Monte Carlo simulation results of a 500 
nm Janus NP with +120mV / -120 mV surface charge with the base simulation of a 500 
nm Janus NP with +30 mV / -30 mV surface charge. As shown in Table 3-4, the Janus SiO2 
NPs with stronger surface potential (+120 mV/ -120 mV) have 100% and 55% probability 
to attach onto a positively charged surface (+25mV) and a negatively charged surface (-
40mV), respectively. In comparison, Janus SiO2 NPs with weaker surface potential (+30 
mV/ -30mV) have a 53% probability to attach onto both positively charged surface 
(+25mV) and negatively charged surface (-40 mV), respectively.  When an overall zeta 
potential of the particle was used to predict the interaction energy between the particle and 
the surface, it will expect same interaction between these two Janus particles and the 
surfaces. This analysis shows that the actual surface potential distribution will impact the 
actual interaction energy, and therefore, impact the probability of deposition. Monte Carlo 
simulation results may change depending on the parameters used, such as separation 
distance between Janus particles and flat surface, surface potential strength on both flat 
surface and Janus particles, and the surface potential distribution on Janus particles.   
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Table 3-4. Histogram of Monte-Carlo simulation of Janus SiO2 NP with neutral overall 
charge at different size (S4 = 100 nm, S5 = 1500 nm) and at higher surface potential (S6) 
on (a) positively and (b) negatively charged surface at 1.61 nm distance. 
 
3.4 Conclusions  
This DLVO analysis showed that a homogeneous surface charge distribution is an 
oversimplification. For a homogeneously charged particle, the orientation of the particle to 
a surface will not affect the interaction energy between the particle and the surface. We 
Bin Freq. Bin Freq. Bin Freq. Bin Freq. Bin Freq. Bin Freq.
-230 -350 -3600 -5600 -6200 -8100
-218.6 644 -332 671 -3418 892 -5300 884 -5964 861 -7720 870
-207.2 68 -314 55 -3236 21 -5000 16 -5728 20 -7340 20
-195.8 39 -296 41 -3054 7 -4700 14 -5492 16 -6960 16
-184.4 38 -278 26 -2872 10 -4400 7 -5256 13 -6580 18
-173 32 -260 28 -2690 6 -4100 4 -5020 11 -6200 9
-161.6 27 -242 26 -2508 4 -3800 13 -4784 10 -5820 12
-150.2 19 -224 20 -2326 3 -3500 4 -4548 7 -5440 12
-138.8 26 -206 24 -2144 9 -3200 3 -4312 13 -5060 7
-127.4 17 -188 18 -1962 3 -2900 4 -4076 9 -4680 7
-116 15 -170 13 -1780 3 -2600 3 -3840 7 -4300 10
-104.6 15 -152 15 -1598 7 -2300 6 -3604 11 -3920 5
-93.2 20 -134 19 -1416 5 -2000 5 -3368 7 -3540 10
-81.8 59 -116 71 -1234 22 -1700 16 -3132 29 -3160 26
-70.4 34 -98 27 -1052 6 -1400 3 -2896 15 -2780 16
-59 13 -80 16 -870 4 -1100 5 -2660 8 -2400 10
-47.6 19 -62 22 -688 5 -800 4 -2424 6 -2020 2
-36.2 16 -44 15 -506 7 -500 9 -2188 5 -1640 6
-24.8 20 -26 15 -324 7 -200 3 -1952 3 -1260 8
-13.4 20 -8 20 -142 5 100 8 -1716 6 -880 12
-2 21 10 15 40 8 400 7 -1480 6 -500 9
9.4 18 28 25 222 4 700 6 -1244 10 -120 15
20.8 27 46 27 404 9 1000 12 -1008 9 260 13
32.2 36 64 40 586 12 1300 14 -772 10 640 17
43.6 63 82 54 768 20 1600 184 -536 23 1020 26
55 694 100 697 950 921 1900 766 -300 885 1400 844
Attractive
Repulsive 0 45
100 555758 51 50
25 mV -40 mV 25 mV -40 mV
d = 100 nm, +30/-30 mV d = 1500 nm, +30/-30 mV d = 500 nm, +120/-120 mV
49 50




demonstrated that the interaction energy between a Janus particle and a plate is dependent 
on the orientation of the Janus particle.   
We also identified a sensitive region that controlled the interaction between the 
Janus particle and the plate. A slight change of charge in this region will lead to a big 
change of the overall interaction energy between the particle and the plate. The size of the 
region was not affected by the strength of the charge but was affected by the size of the 
particle. Smaller particles were more sensitive to surface heterogeneity. 
Finally, we used Monte-Carlo simulations to demonstrate that the probability of 
attachment is dependent on the actual surface charge distribution, the particle size, and the 
strength of surface potential. We showed that smaller sized particles are more sensitive to 
surface charge heterogeneity. Stronger surface potential on part of the particle surface 
could lead to high probability of attachment on both a positively charged surface and a 
negatively charged surface. We clearly demonstrated that the traditionally way of using 
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CHAPTER 4: IMPACTS OF SURFACE HETEROGENEITY ON THE 
DEPOSITION OF NANOPARTICLES ON FLAT SURFACES 
4.1 Introduction 
Understanding the transport and deposition of colloids and nanoparticles in porous 
media is very important to protect water resources. Natural colloids of biological and 
nonbiological origin are anisotropic, possessing varying degrees of surface heterogeneity1-
9. Heterogeneous surfaces consist of microscopic domains with different characteristics, 
such as different chemical functionalities, hydrophobic/hydrophilic properties, and surface 
charges. For example, the step-like surface potential distribution on clay particle layers, 
which is due to heterogeneous charge, has been directly revealed by Kelvin probe force 
microscopy (KPFM) and electrostatic force microscopy (EFM)10. The cell surfaces of the 
Fe(III)-reducing bacteria Shewanella putrefaciens were found to contain electrochemically 
heterogeneous sites, which can result in a significant charge contrast11.  
Very few studies have investigated the role of particle surface heterogeneity on 
their deposition. Colloid surface charges are often described based on their mean-field (or 
averaged) surface properties, e.g., the measured zeta potentials. Such an averaged approach 
can be very misleading. As demonstrated by Drelich and Wang4, even if the measured net 
surface potential of several types of particles is similar, the particles are very differently 
charged, i.e., different heterogeneous patch sizes and distributions exist over the particle 
surface. Wang and Keller3 demonstrated that for natural soil or clay colloids, the measured 
zeta potentials cannot be used as an indicator for predicting their transport and retention 
behavior in porous media due to the heterogeneous nature of these colloids. A recent 
study12 investigated the attachment of microspheres with nanoscale heterogeneity created 
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by randomly distributed poly(L-lysine) (PLL) in a shear flow. They found that the 
attachment rate of particles onto chamber walls is largely dependent on the probability of 
the PLL group interacting with the chamber wall during particle transport. Additionally, 
they found that deposition is more sensitive to the heterogeneity of the particle surface than 
to the heterogeneity of the surface of chamber walls. In another modeling study13, surface 
charge heterogeneity was incorporated into a three-dimensional trajectory model to 
simulate rod-shaped particle translation and rotation. The modeling results indicated that 
the location of colloid surface heterogeneity predominantly affected colloid-surface 
interactions by influencing the possibility of heterogeneous patches facing the collector 
when particles rotate. While the significant role of particle surface heterogeneity has been 
gradually identified in a few studies12,13, a systematic understanding is still lacking. The 
impacts of surface heterogeneity on the transport and retention of nanoparticles can be even 
more complicated when considering the chemical composition of the background solution 
(e.g., Ionic Strength and pH), properties of the collector surfaces, and flow conditions. 
To investigate the impacts of surface heterogeneity on particle deposition, we 
engineered particles that have two distinctive surface properties, or Janus particles14, a 
special class of colloidal particles with a different chemical composition on their two 
hemispheres15-17. In this study, we produced Janus nanoparticles by covering a portion of 
SiO2 nanosphere (500 nm in diameter) surfaces with PLL. PLL is a water-soluble 
polypeptide composed of naturally occurring L-lysine, which contains a positively charged 
amine group on its side chain. The Janus particles synthesized in this study were used as a 
model to represent the surface heterogeneity condition of natural colloids.  
We first present the method to synthesize Janus particles, followed by Janus particle 
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characterization. The deposition of Janus particles on silica dioxide- and alumina oxide-
coated surfaces was investigated using a quartz crystal microbalance with dissipation 
(QCM-D) under different pH conditions. Here, silica dioxide and aluminum oxides 
represent abundantly available silica aquifer materials and the omnipresence of metal 
oxides in aquifer materials. 
4.2 Materials and Methods 
4.2.1 Nanoparticle and surface preparation and characterization 
Janus SiO2 NP was prepared and characterized as discussed in chapter 2.  Au-coated 
5 MHz AT-cut quartz crystal sensors (QSX 301) were purchased from Biolin Scientific 
AB (Stockholm, Sweden). The sensor was cleaned with O2 plasma for 20 minutes. To 
create surfaces with different surface properties, we deposited 4 nm aluminum oxide 
(Al2O3) or silica dioxide (SiO2) films on sensor surfaces using atomic layer deposition 
(ALD) instrumentation (Fiji 200, Veeco Cambridge Nanotech)18. 
The SiO2 ALD process employs the C6H18N3Si (tris(dimethylamino) silane, 
TDMAS) precursor as the main precursor. The substrate temperature was maintained at 
250◦C, and 100 sccm argon as a carrier gas was continuously sent into the reactor chamber. 
Sixty ALD cycles led to a 4 nm layer of SiO2 on the QCM-D sensor surface. The Al2O3 
ALD process employs an Al(CH3)3 trimethyl-aluminum (TMA, Strem 98%) precursor as 
the main precursor. The substrate temperature was maintained at 150◦C, and 200 sccm 
argon as a carrier gas was continuously sent into the reactor chamber. Forty-five ALD 
cycles led to a 4 nm layer of Al2O3+ on the QCM-D sensor surface. 
The sensors were cleaned with oxygen plasma on the same day as the Janus particle 
deposition experiment and were then mounted within the QCM-D chamber before the 
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experiment. A 1 mM NaCl solution with an adjusted pH of 7 ± 0.1 was introduced into the 
liquid cell at a flow rate of 0.1 mL/min. After frequency and dissipation changes achieved 
a baseline with a drift less than 0.25 Hz/hr for all reported overtones, 10 ppm of suspension 
containing Janus SiO2 NPs, control SiO2 NPs, or PLL- SiO2 NPs in 1 mM NaCl with an 
adjusted pH of 7 ± 0.1 was injected into the QCM-D liquid cell. 
4.2.2 Quartz crystal microbalance with dissipation (QCM-D) experiments 
QCM-D experiments were performed to evaluate the deposition of control SiO2, 
Janus SiO2, and PLL-SiO2 NPs onto silica dioxide- and aluminum oxide-coated QCM 
sensor surfaces. In these experiments, water chemistry was maintained as 1 mM NaCl at 
pH 7. All three types of NP suspensions were determined to be relatively stable within 40 
mins under this water chemistry. 
QCM-D measures shifts in resonance frequency and its odd-numbered harmonic 
overtones ∆fn, which indicate attachment or detachment of material to the surface. For 
QCM-D measurements, the alternating voltage is periodically turned off, allowing the 
oscillation amplitude to decay19. The dissipation parameter Dn is the time-dependent 
amplitude loss behavior of the resonance frequency and its harmonic overtones. 
Dissipation shifts (ΔDn) indicate changes in surface viscoelasticity, as softer or ambient-
swollen layers tend to dampen the decaying oscillation faster20. A thin film is considered 
rigid when the measured ∆fn/n is independent of overtone order and if ∆Dn is very small 
relative to ∆fn/n, where ∆Dn/(-∆fn/n) < 5 x 10
-8 Hz-1. The viscoelastic properties of the film 
are considered when ∆fn spreads between different orders and a significant ∆Dn is 
recorded21,22. The Voigt-Kelvin-based model23, which relates ∆fn and ∆Dn to areal mass 
density mfQCM-D and film viscoelastic properties, is typically used to analyze data for soft 
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but laterally homogeneous films. Under simplified conditions, when kfdf <<1, (kf is the 
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where C is the mass sensitivity constant (𝐶 = √𝜌𝑞𝜇𝑞/2𝑓𝑓
2 ), wf = 2πff is the angular 
fundamental response frequency, and ηl and ρl are the viscosity and density of liquid, 
respectively. G = G’ + iG” is the complex shear modulus parameter of the adsorbate. G’ is 
the storage modulus parameter, which is related to material elasticity, and G” = 2πnffη, 
which is the loss modulus parameter, describes viscous energy dissipation in the material. 
The areal mass density was calculated by using recorded overtone numbers (n =3, 5, 7, and 
9). 
4.3 Results and Discussion 
4.3.1 Deposition onto silica dioxide surfaces 
 QCM-D experiments showed no deposition when control SiO2 NPs were 
introduced to the top of the silica oxide surfaces. This result was expected because the 
control SiO2 NPs and silica oxide surfaces were both negatively charged. According to the 
DLVO theory, no deposition is expected under such unfavorable conditions. Figure 4-1A 
and B show the areal mass density of both Janus SiO2 NPs and PLL-SiO2 NPs deposited 
on silica dioxide surfaces. The deposition of Janus SiO2 NPs (Figure 4-1A) started 20 
minutes after introduction of the suspension, which was much later than the deposition start 
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time of PLL-SiO2 NPs. After that, the attachment rate of Janus SiO2 NPs was maintained 
at 2.52 ng/cm2-min. At the end of the experiment, the areal mass of Janus SiO2 NPs reached 
69.7 ng/cm2. Deposition of PLL-SiO2 NPs (Figure 4-1B) started 9 minutes after 
introduction of the suspension, and the attachment rate was 7.66 ng/cm2-min. At the end 
of the experiment, the areal mass of PLL-SiO2 NPs reached 219.5 ng/cm
2. The delay in 
deposition may be caused by weak initial interaction between particles and charged flat 
surface. More interactions were formed with the increase of particles injected over time.  
Compared with PLL-SiO2 NPs, the deposition of Janus SiO2 NPs on silica dioxide 
surfaces was detected later and had a slower attachment rate, and less mass was attached 
after 40 minutes of experiments. While PLL-SiO2 NPs were positively charged and 
attractive to silica dioxide surfaces, only part of the Janus SiO2NP surfaces were covered 
with positively charged PLL. When Janus SiO2NPs approach the silica dioxide surface, 
they are not immediately captured. Particles close to the surface flow along the surface for 
some time until they diffuse away or are captured. During this movement, the surface of 
Janus SiO2 NPs was sampled by the silica dioxide surface. While particles have both 
rotational and translational movement, deposition occurs only when a sufficiently large 
area of PLL-covered surface faces the silica dioxide surface. Previous experimental and 
modeling work12,13 demonstrated that the attachment of heterogeneously charged particles 
is dependent on the possibility of heterogeneous patches facing the collector surface when 
particles rotate. Therefore, deposition of Janus SiO2 NPs onto the silica surfaces began to 
occur later and slower than the deposition of PLL-SiO2NPs, whose particle surfaces were 




Figure 4-1. QCM-D deposition of (A) Janus SiO2 NPs on silica, (B) PLL-SiO2 NPs on 
silica, (C) control SiO2 NPs on alumina in 1 mM NaCl pH 7, and (D) Janus SiO2 NPs on 
silica at pH 3. 
4.3.2 Deposition onto aluminum oxide surfaces 
In QCM-D experiments for aluminum oxide-coated surfaces, attachment occurred 
only for control SiO2 NPs (Figure 4-1C). The control SiO2 NPs in the solution were 
negatively charged. A positive charge of 25 mV was reported for a thin ALD layer of 
alumina on the surface of a silicon wafer at pH 7 in 1 mM KCl
25, which was close to the 
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conditions here. Assuming that the alumina-coated QCM-D sensor was also positively 
charged here, electrostatic attraction between control SiO2 NPs and the alumina-coated 
QCM-D sensor is expected based on DLVO theory, which explains the observed 
deposition. As shown in Figure 4-1C, deposition was observed 7 minutes after introduction 
of the control SiO2 NP suspension. The attachment rate was 9.37 ng/cm
2 min. At the end 
of the experiment, the areal mass of the control SiO2 NPs reached 372.3 ng/cm
2. As 
expected, no deposition occurred when the PLL-SiO2 NP suspension flowed onto the 
aluminum oxide surface because both the PLL-SiO2 NPs and aluminum oxide surface were 
positively charged. 
However, no deposition was observed for Janus SiO2 NPs onto the aluminum oxide 
surface. Janus SiO2 NPs were partially negatively charged and partially positively charged, 
with an overall zeta potential of approximately 1.65 mV (Figure 2-7). The aluminum oxide 
surface and the negative part of the Janus particle surface are attractive to each other, which 
should have resulted in deposition/attachment of Janus SiO2 NPs on the surface to some 
extent. We suspect that PLL played an important role in the interaction between Janus SiO2 
NPs and the aluminum oxide surface. Previous work26,27 has indicated that PLL is mainly 
in a random coil formation at neutral pH. A random coil is a relatively loose structure, 
which can be as long as 400 nm in pH 728. We postulate that when Janus SiO2 NPs 
approached the aluminum oxide surface, the stretched random-coiled PLL chains may form 
repulsive interactions with the aluminum oxide surface from a relatively far distance, which 
may prevent Janus SiO2 NPs from further approaching the surface and inhibit deposition. 
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4.3.3 Role of pH on Janus SiO2 NP deposition 
In the previous sections, we observed that at pH 7, Janus SiO2 NPs did not deposit 
onto aluminum oxide surfaces but deposited onto silica dioxide surfaces at a slower rate 
than PLL-SiO2 NPs. At pH 3, deposition was not observed on aluminum dioxide surfaces, 
but some deposition occurred on silica dioxide surfaces (Figure 4-1D). The deposition did 
not start until 58 minutes after introduction of the Janus SiO2 NP suspension. The 
attachment rate was 2.03 ng/cm2-min during deposition, and the areal mass reached 69.16 
ng/cm2 100 minutes after introduction of the Janus SiO2 NP suspension. At pH 9, no 
deposition occurred on silica dioxide surfaces or on aluminum oxide surfaces. 
The strong impact of pH on the deposition of Janus SiO2 NPs highlights the role of 
surface heterogeneity, particularly the presence of PLL, on particle deposition. Kataoka et 
al.29 found that PLL adopted a random coil conformation at pH values lower than 4.3 and 
an α-helix conformation for pH values higher than 10. A mixture of random coil and α-
helix structures is present between these pH values. The decrease in pH induced an increase 
in the positive charge density, which resulted in uncoiling of the PLL structure and 
increased the affinity of PLL to water30,31. The swollen PLL chains at pH 3 carried a 
positive charge, which created an electrostatic attraction with negatively charged silica 
dioxide surfaces, leading to some attachment (Figure 4-1D). However, the electrostatic 
repulsion between the swollen PLL chains and aluminum oxide surfaces prevents 
deposition onto aluminum surfaces. Thus, the long PLL chain suppressed the possible 
attraction between the aluminum surface and the negatively charged portion of the Janus 
particle surface. With increasing pH, some α-helix structures began to form. At neutral pH, 
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the PLL conformation was still largely a random coil, and thus, the deposition behavior of 
Janus SiO2 NPs was similar at pH 3 and pH 7. 
At pH 9, the overall zeta potential of the Janus SiO2 NPs was negative (Figure 4-
2). However, deposition did not occur on silica dioxide surfaces or aluminum oxide 
surfaces, which is not explained by the DLVO theory. We speculate that the properties of 
PLL play an important role in the deposition. At pH 9, more PLL was in a α-helix 
conformation, which is a much-compressed formation. Therefore, many negatively 
charged sites on the surface of SiO2 NPs were exposed. Also, previous work has found that 
the charge on the surface of PLL decreased with increasing pH32. Therefore, the part of 
Janus SiO2 NP surface covered with PLL has weakly positively charged PLL and 
negatively charged Janus SiO2 NPs sites simultaneously exposed to the surfaces. This 
highly heterogeneous charge distribution may result in complicated attraction and 
repulsion between Janus SiO2 NPs and both the aluminum oxide and silica dioxide 
surfaces, so that Janus SiO2 NPs do not have the opportunity to access the adjacent surfaces; 
therefore, no deposition occurs.  
4.4 Conclusions 
In the natural environment, the surfaces of particles are always heterogeneously 
charged and may be partially covered with natural organic matter or other functional 
groups. In such conditions, an overall surface zeta potential will not be able to predict the 
interactions between nanoparticles and surfaces.  Instead, the surface heterogeneity 
properties may play a more important role in deposition than the overall surface potential 
of particles. Using Janus particles as model particles with surface heterogeneity, this work 
highlighted the important role of surface heterogeneity in the deposition of nanoparticles. 
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For some situations in our experiments, deposition did not occur even though the overall 
zeta potential of Janus SiO2 NPs was opposite that of the deposition surface, and this result 
was due to the dominant role of surface heterogeneity created by PLL. PLL has been used 
in several studies to simulate positively charged surfaces in the environment. To better 
predict their transport, nanoparticles must be better characterized, and the role of surface 
heterogeneity should be incorporated into modeling. The results of this study will provide 
guidance on modeling the transport and deposition of nanoparticles with heterogeneously 
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CHAPTER 5: DEPOSITION OF NANOPARTICLES WITH SURFACE 
HETEROGENEITY IN POROUS MEDIA MODELS 
5.1 Introduction 
Understanding and predicting the transport of particles in the subsurface, including 
natural colloidal particles, viruses, natural organic substances, and engineered 
nanoparticles, is critical for protecting groundwater resources. Classic filtration theory1 
was widely used to model nanoparticle transport, which considered a two-step process, 
including (1) particle transport to the vicinity of the grain (or collector) surface, and (2) 
particle attachment onto the surfaces. The particle transport step was controlled by 
transport related physical factors, such as flow velocity, collector size, particle size, etc. 
The particle attachment step was governed by interaction energy between particles and 
collector surfaces. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory2,3 was typically 
used to estimate the interaction energy, which included van der Waals attraction and 
electrical double layer repulsion forces.  
The classic filtration theory was proved to be very successful when the particle and 
the surface were oppositely charged, or under a favorable condition. When the particle and 
the surface had the same charge, or under an unfavorable condition, an electrostatic 
repulsion force exist between the particle and the collector. Conflicts4,5 between 
observations and the classic filtration theory were reported under unfavorable conditions. 
Different mechanisms have been proposed to find the sources that led to the discrepancies, 
such as secondary minimum6,7, collector surface roughness7-9, collector surface 
heterogeneity 9-12. However, very few studies have investigated the role of particle surface 
heterogeneity on the deposition. Natural colloids of biological and nonbiological origin are 
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anisotropic in nature, possessing varying degrees of surface heterogeneity13-16. 
Heterogeneous surfaces consist of microscopic domains with different characteristics, such 
as different chemical functionalities, hydrophobic/hydrophilic properties, and surface 
charges. The classic approach was to use a mean-field (or averaged) zeta potential to 
describe the overall surface charge of the particle, which can be very misleading. Wang 
and Keller17 demonstrated that zeta potential was not a reliable parameter to predict particle 
deposition due to the presence of heterogeneity on particle surfaces. 
Although much work10-12,18 was devoted to study the role of collector surface 
heterogeneity on particle deposition, very few studies have investigated the role of particle 
surface heterogeneity on their deposition. Shave et al.19 created microspheres with poly(L-
lysine) (PLL) as nanoscale heterogeneity and found that the attachment rate was largely 
dependent on the PLL group interaction with a chamber wall. Very recently, Li and Ma20 
demonstrated how particle surface charge heterogeneity can impact their deposition based 
on numerical modeling. In our previous work (Chapter 2), we used Janus particles as 
simplified model particles to study the impact of surface heterogeneity on the particle 
deposition. We demonstrated the significant role of surface heterogeneity on particle 
deposition. That work, however, was limited to measure the deposition of Janus particles 
onto flat surfaces. In this work, we are going to investigate the impact of particle surface 
charge heterogeneity in porous media models. Particularly, we will evaluate the deposition 
onto one single glass bead, a two-glass-bead in contact model, and a six-glass-bead porous 




5.2 Materials and Methods 
5.2.1 Janus Particle preparation 
Janus particles were synthesized by modifying a previously published procedure21. 
In this work, we synthesized Janus particles by partially covering silica nanoparticles (SiO2 
NPs) with a positively charged fluorescent dye Rhodamine b isothiocyanate (RITC). 
Briefly, SiO2 NP solution was first spin-coated on the surfaces of 1 x 1 cm
2 Si wafers to 
create a single particle layer (step 1). After drying, PMMA solution was spin-coated onto 
SiO2 NPs (step 2). After several hours, the sample was then exposed to O2 plasma to 
partially remove the PMMA layer from the sample (step 3). This process generated 
openings in the PMMA layer on top of the SiO2 NPs, which were available for further 
chemical modification. By manipulating the duration of O2 plasma exposure, we controlled 
the thickness of the removed PMMA layer and the size of the SiO2 NP surfaces for further 
modification.  
As a result of our systematic optimization and error tests, it was determined that 
1.75 min was needed to remove approximately half of the PMMA layer, and 20 min was 
needed for complete removal of the PMMA layer. SiO2 NPs partially covered with PMMA 
were submerged in a mixture of 0.95 µL of APTES and 5 mL ethanol for 1 day on top of 
an orbital shaker, which provided an opportunity to functionalize the exposed portion of 
the SiO2 NP surfaces with the NH2 functional groups in APTES (step 4). After rinsing with 
DI water, the sample was then submerged in a mixture of 3 mL of RITC solution and 2 mL 
of ethanol, and shaked in orbital shaker for 1 hour. The RITC solution was removed by 
rinsing with methanol and DI water and drying with N2 gas. The PMMA coverage was 
then removed by shaking the Si wafer in acetone solution on an orbital shaker for 5 minutes, 
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rinsing with DI water, and drying with N2 gas. SiO2 NPs partially covered with RITC, 
namely, RITC-Janus SiO2 NPs, were dispersed in 20 mM NaCl solution at pH 7 in an 
ultrasonic water bath (step 6).  
 
Figure 5-1. Illustration of RITC-Janus particle synthesis. 
For comparison purposes, we synthesized control SiO2 NPs and RITC-SiO2 NPs. 
Control SiO2 NPs refer to SiO2 NPs that were exposed to all procedures and chemicals 
until step 3 of the Janus NP synthesis procedure (Figure 5-1), and then, the PMMA was 
completely removed by exposure to O2 plasma for 20 min and acetone cleaning. Control 
SiO2 NPs were exposed to all chemicals that the Janus SiO2 NPs were exposed to, except 
APTES and RITC. RITC-SiO2 NPs were created by following the same procedure used to 
synthesize the control SiO2 NPs and were then exposed to APTES and RITC to achieve 
full RITC coverage on the surface of SiO2 NPs. The number-weighted hydrodynamic 
diameter distribution and zeta potential of all particles were measured using a 90Plus 
particle size analyzer and ZetaPals zeta potential analyzer, respectively (Brookhaven 
Instruments Corporation, Holtsville, NY).  
Step 1 Step 2 Step 3 
Step 4 Step 5 Step 6 
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5.2.2 Microfluidic channel preparation 
µ-Slide I Luer sticky channel was purchased from Ibidi (Wisconsin, United States). 
The channel was made of a polymer with very high optical quality, suitable for high-end 
microscopic analysis.  The size of the slide was same as a standard microscope slide (25.5 
mm x 75.5 mm), and the inside channel was 50 mm long, 5.0 mm wide, and 0.8 mm deep. 
The bottom of the sticky channel can be detached from the upper part.  Barium Titanate 
solid glass microsphere (glass beads) with size ranging between 710 and 850 µm was 
purchased from Cospheric (California, United States). The glass beads were cleaned by 
sonication in nanopure water (18.2 MΩ-cm, Barnstead Nanopure system) and dried in the 
oven at 60oC. Glass beads were glued to a microscope slide by using epoxy glue under 
microscope and positioned to touch each other. The sticky slide was then attached on top 
of microscope slide with glass beads and sealed with Teflon tape and parafilm to prevent 
leak.  
 The glass beads were arranged in two different channel designs (i.e., Channel A 
and Channel B, Figure 5-2).  Channel A contained a single glass bead, and two glass beads 
in close contact that were 1.5 cm away from the single glass bead. Channel B has 6 glass 




Figure 5-2. (A)Schematic of the microfluidic channel A with one and two glass beads, (B) 
microfluidic channel B with 6 glass beads, (C) pore structure in channel B, (D) vertical 
section of the channel, and (E) photos of the glass beads structures. 
5.2.3 Microfluidic channel experiment 
Three types of nanoparticles were used in the microfluidic experiment: RITC-Janus 
SiO2 NPs, ¾ Janus SiO2 NPs, and RITC-SiO2 NPs. At the beginning of the experiment, 
background solution of 20 mM NaCl with adjusted pH of 7 ± 0.1 was injected into the 
microfluidic channel for 5 min to ensure that there were no bubbles inside the channel and 




into the channels using a syringe pump at a flowrate of 0.25 mL/min. Finally, the channel 
was flushed with background solution (20 mM NaCl at pH 7) for 10 min to remove excess 
NPs in the channel.  
A Nikon A1R laser scanning confocal microscope (Nikon Corporation, Japan) was 
used to image biofilms and porous media inside the microfluidic channel. A resonant 
scanner with a GFP-B standard filter and a 10x objective lens was used. Nikon’s software 
platform, NIS-elements (4.20, Build 972), was used to acquire the data. Images of glass 
beads were taken under Texas red laser to visualize the RITC dye, which was done by 
Shahab Karimifard. The imaging process was focused on the glass bead structures in the 
channel (denoted by rectangular boxes in Figure 5-2) using the NIS-Elements JOBS 
module. This module relies on building blocks called tasks, that can be later assembled in 
order of the operator’s choice. The imaging area was captured with a z-step of 1.0 µm using 
the motorized stage of the microscope. Then, the acquired image stacks were processed 
and attached automatically, resulting in 2D images at different depths. Finally, a maximum 
intensity projection (MaxIP) image that combines all 350 imaging layers of the glass bead 
were generated. The MaxIP image has resolution of 1024 x 1024 with size of 1272.79 nm 
x 1272.79 nm. The MaxIP image of each glass beads was analyzed by using Fiji ImageJ 
(https://fiji.sc/), which is an open-source image processing package based on ImageJ 
(1.52p, National Institutes of Health, USA). The MaxIP images were adjusted using an 
automatic threshold method MaxEntropy22. Particle analysis was conducted by setting 
particle sizes in the range of 0.2 – 3 µm2 to classify nanoparticles in the images.  
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5.2.4 Quartz Crystal microbalance with dissipation (QCM-D) experiment 
QCM-D experiments were performed to evaluate the deposition of RITC-Janus 
SiO2, RITC-¾ Janus SiO2 NPs and RITC-SiO2NPs onto silica dioxide- and aluminum 
oxide-coated QCM sensor surfaces.  In these experiments, water chemistry was 
maintained as 1 mM NaCl at pH 7. Background solution of 20 mM NaCl pH 7 was 
flowed into QCM-D liquid cell at a flowrate of 0.1 mL/min, and in situ QCM-D 
measurement was set to start. After frequency and dissipation changes achieved a baseline 
with a drift less than 0.25 Hz/hr for all reported overtones, 10 ppm of nanoparticles in 20 
mM NaCl with adjusted pH of 7 ± 0.1 was injected into liquid cell.   
 5.2.5 DLVO Interaction Forces and Hydrodynamic Forces 
DLVO theory was applied to calculate the total interaction energy, including van 
der Waals attraction and electrostatic double-layer forces between RITC-Janus SiO2 NPs, 
and RITC - ¾ Janus SiO2 NPs and surfaces.  A surface element integration (SEI) approach
23 
was used to incorporate the surface charge heterogeneity into the calculation of DLVO 
interactions. The details of DLVO calculation can be referred to Chapter 3 of the 





     (5-1) 
where 𝜙𝑡𝑜𝑡𝑎𝑙(ℎ) is the total DLVO interaction energy as a function of separation distance, 
and h is the distance between particles and the collector surface. FDLVO is on the direction 
between center of the collector and the particle. In the calculation, the surface potentials of 
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different part of Janus particles were assigned as the potentials of the control SiO2 NPs and 
the potentials of SiO2 NPs with full RITC coverage.  
The DLVO interaction forces between RICT – Janus SiO2 and RICT – ¾ Janus 
SiO2 and an alumina surface or a glass bead were calculated, considering the rotation of 
particles from 0 to 180o. To obtain the surface potential values of glass beads, several clean 
glass beads were ground into powders and the zeta potential of the powder suspension at a 
pH of 7 was measured. It was determined as -28 mV. The surface potential of the aluminum 
surface at a pH of 7 and 1mM NaCl was assumed as 25 mV, following a published work24. 
For Janus particles, -27 mV was used for the part without APTES/RITC covering, and -2.5 
mV was used for the part with APTES/RITC covering.  
To quantify the hydrodynamic forces across the surface of the collector, a 
computational fluid dynamic model was established by COMSOL to calculate the 
distribution of flow velocity adjacent to each glass bead, which was performed by Shahab 
Karimifard. 
COMSOL Multiphysics 5.3a (COMSOL Inc., Sweden) was used to model the flow in 
the channel. A free and porous media flow (fp) interface was used to solve the Navier-
Stokes equations (Eq. 1 and 2) in the fluid domain of the pores for a single-phase 
incompressible steady-state flow: 
𝜌(𝒖. ∇)𝐮 =  ∇. [−pI + µ(∇𝐮 + (∇𝐮)𝑇)]           (5-2) 
∇. 𝒖 = 0             (5-3) 
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where ρ is the density of the fluid (1000 kg/m3), 𝒖 = [𝑢, 𝑣] is the velocity vector for 2D 
simulation in the free flow domain, µ is the dynamic viscosity of water (0.001 Pa.s), and p 
is the pressure.  
 Simulations were conducted in 2-Dimension with an assumption of stationary 
flow. A constant flow boundary condition was enforced to ensure the same flow rates as 
used in the micromodel experiments. A nonslip boundary condition was enforced on the 
surfaces of glass beads. The velocity of each point around the glass bead surfaces was 
determined through the simulation of COMSOL. These velocity values were then used to 
estimate hydrodynamic forces, including drag and lift forces. The lift force FL and the drag 






     (5-4) 
𝐹𝐷 = 10.205𝜋𝜇(𝜕𝑣 ∕ 𝜕𝑟)𝑟𝑐
2    (5-5) 
where µis the dynamic viscosity of flow, rc is the radius of the particles, 𝜕𝑣 ∕ 𝜕𝑟 
represents the acceleration of the particles around the collector surface, and v is the 
velocity of the particles around the collector surface. The direction of FD is always on the 





Figure 5-3. Illustration of forces acting on particle approaching the surface of collector. θ 
is the angle of particle approaching the collector.   
Following a previous paper28, a force balance between these three forces was conducted 
along and perpendicular to the velocity direction, which resulted in two forces: 
𝐹𝑟𝑜𝑙𝑙 = −𝐹𝐷𝐿𝑉𝑂 × 𝑠𝑖𝑛ɵ − 𝐹𝐷    (5-6) 
𝐹𝑃𝑒𝑟 = 𝐹𝐷𝐿𝑉𝑂 × 𝑐𝑜𝑠ɵ + 𝐹𝐿    (5-7) 
Here Froll is the force that determines the extent of particle rolling along the collector 
surface, and FP is the force that perpendicular to Froll, which determines the overall 
repulsive or attractive toward the collector surface. ɵ is the central angle between the 
particle and the horizontal line.  
5.3 Results and Discussion 
5.3.1 Impact of ionic strength (IS) on zeta potential of Janus NP suspensions 
We evaluated the zeta potentials of RITC-Janus SiO2 NPs, and RITC -¾ Janus SiO2 
NPs in a range of IS and compared them with the zeta potential of RITC-SiO2 NPs and 
control SiO2 NP (Figure 5-4).  At 1 mM NaCl, the zeta potential value for control SiO2 
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NPs was -38 mV. With more APTES/RITC covered on the surface of SiO2 NPs, zeta 
potential values increased to 15.02 mV for RITC-Janus SiO2 NPs and -10.01 mV for RITC-
¾  Janus SiO2 NPs. Under the highest coverage of APTES/RITC (i.e., RITC-SiO2 NPs), 
the zeta potential was -5.32 mV in 1 mM NaCl.   
When ionic strength increased from 1mV to 50 mV, the zeta potential values for 
RITC-SiO2 NPs gradually increased from -5.32 mV to + 0.19 mV at 50 mM NaCl. 
Interestingly, Neither RITC-Janus SiO2 NPs nor RITC- ¾ Janus SiO2 NPs followed the 
same trend as RITC-SiO2 NPs. Zeta potential values of RITC-Janus SiO2 NPs and RITC- 
¾ Janus SiO2 NPs continued to reduce (become more negative) with the increase of IS until 
the lowest zeta potential value reached at 20 mM. When ionic strength increased to 50 mM, 
zeta potentials of both RITC-Janus SiO2 NPs and RITC- ¾ Janus SiO2 NPs increased. In 
the whole range of IS values, the zeta potential was the highest for RITC- SiO2 NPs 
(APTES/RITC covered almost the whole surface), and the lowest (most negative) for 




Figure 5-4. Zeta potential of RITC-Janus SiO2 NPs, RITC- ¾ Janus SiO2 NPs, RITC-SiO2 
NPs, and control SiO2 NPs at different ionic strength in pH 7. 
5.3.2 Deposition onto flat surfaces under favorable condition 
No deposition of RITC-SiO2 NPs was observed on the alumina surface from QCM-
D experiments. This is expected because the surface potential of RITC-SiO2 NPs was 
weakly negatively (-2.5 mV), which cannot create enough attractive energy between RICT-
SiO2 NPs and the aluminum surface. The surface potential of QCM-D coated with alumina 
was positive in 20 mM NaCl at pH 7 according to previous studies24, which is 25 mV in 1 
mm KCl at pH 7. Depositions were observed when RITC-Janus SiO2 NPs and RITC- ¾ 
Janus SiO2 NPs flowed past the alumina surfaces (Figure 5-5). During the experimental 
period, the areal mass density of both RITC-Janus SiO2 NPs and RITC- ¾ Janus SiO2 NPs 
linearly increased with time. At the end of the experiment, the areal mass density of RICT-
Janus SiO2 NPs on the aluminum surface reached 892 ng/cm
2, corresponding to an 
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attachment rate of 10.41 ng/cm2-min. The attachment rate of RITC- ¾ Janus SiO2 was 
slower, and less mass was attached after 100 minutes of experiments, which were 5.716 
ng/cm2-min and 514 ng/cm2, respectively.  
 
Figure 5-5. Deposition of (A) RITC-Janus SiO2 NPs and (B) RITC- ¾ Janus SiO2 NPs on 
alumina surfaces in 20 mM NaCl pH 7. 
This observation is consistent with the DLVO energy analysis (Figure 5-5). The 
part of the SiO2 NPs covered by the APTES/RITC was slightly negative (-2.5 mV), and 
the part of the SiO2 NPs without the APTES/RITC was strongly negative (-27 mV). 
Because the aluminum surface was positively charged (10mV), the overall interaction 
energy between both types of Janus particles and the aluminum surface was attractive 
overall.  When approaching to a collector surface, particles may flow along the surface for 
some time, until they diffuse away or are deposited. When particles move along the 
collector surface, they also have rotational motion19. As they rotate, a different part of the 
surface will face the collector surface. Because particle surface charges were not uniform, 
the magnitude of the primary attractive energy between the particle and the collector 
surface will change while particles rotate and move along.  
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As shown in Figure 5-6A, 0o orientation refers to the condition when the interface 
of APTES/RITC covered and the uncovered SiO2 NP surface is parallel to the aluminum 
surface, with the uncovered SiO2 NPs surface facing the aluminum surface. When the 
orientation angle changed from 0o to 80o, the interaction energy between the RITC- Janus 
SiO2 NPs and the aluminum surface remained almost unchanged, because the nanoparticle 
surface directly facing the aluminum surface did not change the charge. The sensitive 
region of RITC- Janus SiO2 NP is located at orientation angles between 80
o and 100o, where 
the interaction energy quickly reduced to a less negative value, as APTES/RITC covered 
area rotated to directly face the aluminum surface (Figure 5-6C). Finally, when RITC- 
Janus SiO2 NPs rotated from 100
o to 180o, interaction energy remained constant again.  
Interaction energy between RITC- ¾ Janus SiO2 NPs and aluminum surface was in the 
same trend as that for the RITC- Janus SiO2 NPs, except for a wider range of orientation 
angles with weaker attractive energy (Figure 5-6 B,D). Therefore, it is expected that RITC- 




Figure 5-6. DLVO interaction energy between (A) RITC- Janus SiO2 NPs (B) RITC- ¾ 
Janus SiO2 NPs and the aluminum surface over the distances; and the DLVO interaction 
energy between (C) RITC- Janus SiO2 NPs (D) RITC- ¾ Janus SiO2 NPs and the 
Aluminum surface corresponding to rotation angles. 
5.3.3 Deposition of nanoparticles in the microfluidic channel 
As shown in Figure 5-7A, the amount of deposition on the single glass bead was 
the least for RITC-Janus SiO2 NPs, followed by RITC- ¾ Janus SiO2 NPs, and RITC-SiO2 
NPs deposited the most on the single glass bead collector. For the two-glass bead collector, 
the same trend remained. This trend is expected because the surfaces of RITC-SiO2 NPs 
were well covered by APTES/RITC, so that less negatively charged overall. The surface 
potential of the glass bead was negative, so that we expect stronger attraction between 
RITC-SiO2 NPs and glass bead surfaces. Only about half of surfaces of RITC-Janus SiO2 
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NPs were covered by APTES/RITC, so that less deposition was expected. The right panel 
of Figure 5-7 showed the distribution of nanoparticles deposited on the single glass bead. 
For most cases, nanoparticles were evenly distributed on the collector surfaces, indicating 
that diffusion is a dominant mechanism for deposition. No particular accumulation at the 
point of grain-to-grain contact was observed. 
A similar amount of deposition was observed for RITC-Janus SiO2 NPs, RITC- ¾ 
Janus SiO2 NPs, and RITC-SiO2 NPs when flowing through a six-glass bead aggregate 
structure. Nanoparticles were evenly distributed on the surface of collectors. Some RITC- 
Janus SiO2 NPs were observed inside pore spaces, instead of attached onto the collector 
surfaces. This indicated that some RITC-Janus SiO2 NPs entered the empty pore spaces via 




Figure 5-7. The number of RITC-Janus SiO2 NPs, RITC- ¾ Janus SiO2 NPs, and RITC-






and (C) six glass bead collector (left) and corresponding distribution of particles on the 
surface of collectors (right) at a flow rate of 0.25 ml/min. 
5.3.3.1 Role of surface charge heterogeneity on deposition onto different 
collector geometries 
Impact of surface charge heterogeneity on the deposition of particles onto glass 
beads structures was clear. When approaching the negatively charged glass bead surface (- 
28mV), attachment was dependent on the likelihood of attraction as particles rotate along 
the surface. Because the glass bead surface was negatively charged, higher possibility of 
attraction was expected with a higher percentage of particle surfaces being less negative. 
The DLVO interaction energy analysis between a glass bead surface and a RITC- Janus 
SiO2 NP (Figure 5-8 A,C), or a  RITC- ¾ Janus SiO2 NP (Figure 5-8 B,D) showed a 
varying interaction with the rotation angle corresponding to the glass bead surfaces. 
When the uncovered SiO2 NPs surface (noted in blue) faced the surface, the 
interaction energy was repulsive in nature. The repulsive energy was stronger between a 
RITC-Janus SiO2 NP and a glass bead surface, than that between a RITC- ¾ Janus SiO2 
NP and a glass bead surface, because a RITC-Janus SiO2 NPs had a larger area of 
uncovered SiO2 NPs with stronger negative charge. As the uncovered SiO2 NPs surface 
rotated away from the glass bead surface, the interaction energy became less repulsive for 
both types of NPs. For RITC- Janus SiO2 NPs, when the rotation angle reached about 95
o, 
the interaction energy started to become attractive, because the weakly negatively charged 
APTES/RITC covered surface started to face the glass bead surface. For RITC- ¾ Janus 




The sensitive regions were 80-100o and 35-55o for RITC- Janus SiO2 NPs and RITC- ¾ 
Janus SiO2 NPs, respectively.  
 
Figure 5-8. DLVO interaction energy between (A) RITC- Janus SiO2 NPs (B) RITC- ¾ 
Janus SiO2 NPs and the glass bead surface over the distances; and the DLVO interaction 
energy between (C) RITC- Janus SiO2 NPs (D) RITC- ¾ Janus SiO2 NPs and the glass 
bead surface corresponding to rotation angles. 
For RITC- Janus SiO2 NPs, at a 2 nm distance from the surface, the interaction 
energy was repulsive and remained at around 71 kB when the orientation angle was from 
0o to about 80o. Then the repulsive energy started to reduce as the particle continued to 
rotate. When the rotation angle reached about 100o, the interaction energy reached -58kB 
and remained until 180o.  On the other side, the interaction energy between RITC - ¾ Janus 
SiO2 NPs remained attractive at -100 kB when the particle orientation angle was in the 
range of 55o-180o. Because RITC - ¾ Janus SiO2 NPs had the wider range of orientation 
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angle with a deeper attractive energy well, it is expected that RITC- ¾ Janus SiO2 NPs 
attached faster. This is consistent with the observed higher amount of RITC- ¾ Janus SiO2 
NPs that attached compared to the RITC-Janus SiO2 NPs on both the single glass bead 
collector, and the two-glass-bead collector. Comparatively, the interaction energy between 
RITC-SiO2 NPs was all attractive. It is therefore expected that RITC-SiO2 NPs will have 
the most attachment on the glass bead surface, followed by RITC- ¾ Janus SiO2 NPs, and 
RITC-Janus SiO2 NPs. Our experimental observations were generally in agreement with 
this expectation for both the single glass bead collector and the two-glass-bead collector 
(Figure 5-7A, B).  
For deposition onto the six-glass bead structure, we did not observe the trend of 
higher deposition for RITC-SiO2 NPs or a lower deposition for RITC- Janus SiO2 NPs. We 
believe the porous structure played a significant role here. Particularly, the flow field inside 
the two pore spaces was stagnant, which provided an extended residence time for 
nanoparticles to attach onto the surfaces. Although DLVO analysis showed different level 
of attachment rate, the extended residence time allowed all three types of nanoparticles to 
attach onto the collector surfaces. Therefore, the total amount of deposition was similar.  
 Consistent with previous work19,29, we further confirmed that the deposition of 
Janus particles depended strongly on particle rotation. Shave et al.19 engineered 
microsphere functionalized with patches of adhesive functionality and investigated the 
deposition of heterogeneously charged particles onto a wall. They found that particle 
attachment rates depended specifically on particle rotations due to the vorticity of the shear 
flow field. In another modeling work, Li and Ma20 also reported that the location of the 
heterogeneous patch on the particle surface did not affect their deposition, but the particle 
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rotations continually expose the heterogenous patch to the collector wall, sampling the 
particle surface for an attractive interaction, and therefore, controlling the attachment.  
5.3.3.2 Impact of hydrodynamic forces 
The collector in this work represented progressively increased complicated pore 
structures. The two-glass bead structure provided grain-to-grain contact, which the single 
glass bead does not have. In addition to grain-to-grain contacts, the six-glass bead 
structure contained two pore spaces. CFD simulations suggested a profound impact of 
hydrodynamics created by the geometry of collector arrangement on the particle 
deposition. Figure 5-9 A illustrates total force acting on a RITC-Janus SiO2 NP and a 
RITC- ¾ Janus SiO2 NP along (Froll) or perpendicular (Fper) to the velocity direction 
between 0 and 360o of glass bead 2 in Channel A (Figure 5-2) under a higher flow rate 
of 0.25 ml/min. Here we selected the glass bead 2 in Channel A to show the results, 
because it was part of the two-glass bead structure, and it encountered both open flow 
field and a grain-to-grain contact.  
Here, Froll was the force that showed the extent of particle rolling around the 
collector surface. As shown in Figure 5-9, Froll was dominant, except in the angle of about 
200o to 330o region, which was the region of grain-to-grain contact as indicted in Figure 5-
2. As particles roll away from the grain-to-grain contact region, the magnitude of Fper 
increased. Fper reflected the combination of the DLVO forces and the lift component of the 
hydrodynamic forces. A positive Fper suggested repulsive conditions and a negative Fper 
suggested attractive conditions. Fper was positive in the open area of glass beads, indicating 
that the overall force does not promote attachment. Therefore, attachment can only occur 
if particle can diffuse across the streamlines and if there is meta impurities on the local 
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surface area that promotes attractive interaction. This caused limited amount of particles 
attached compared to total particles injected into the microfluidic channel. Diffusion will 
be a dominant mechanism for attachment to occur for all three types of particles, which 
was consistent with previous findings on the deposition of nanoparticles with similar size. 
In the grain-to-grain contact region, the relative importance of hydrodynamic forces 
and DLVO forces were different than the open region, as illustrated in Figure 5-9B. While 
hydrodynamic forces were dominant in the open area, the DLVO forces were equivalent 
to or larger than the hydrodynamic forces at the grain-to-grain contact region. As particles 
rotated from 0o to 180o (Figure 5-8), the interactive energy changed, correspondingly 
DLVO forces changed.  FDLVO(1) and FDLVO(2) correspond to the highest and lowest of the 
DLVO forces at 2 nm away from the glass bead surface for a rotating nanoparticle. Figure 
5-9C showed the total force acting on the RITC-Janus SiO2 NPs, RITC- ¾ Janus SiO2 NPs 
along perpendicular (Fper) to the velocity direction. As shown here, both RITC-Janus SiO2 
NPs and RITC- ¾ Janus SiO2 NPs underwent an oscillation of positive and negative Fper. 
For the six-glass bead porous structure, hydrodynamic forces were dominant in the open 
surfaces, but not inside the two pore spaces with stagnant water flow. Similar to the grain-
to-grain contact region, DLVO forces were dominant in these areas. Both RITC-Janus SiO2 
NPs and RITC- ¾ Janus SiO2 NPs were bouncing around under an oscillation of positive 
and negative Fper. Because the extended residence time inside the pore spaces, about same 
as of RITC-Janus SiO2 NPs and RITC- ¾ Janus SiO2 NPs, as well as RITC- SiO2 NPs was 








Figure 5-9. (A) Total force acting on the RITC-Janus SiO2 NPs, RITC- ¾ Janus SiO2 NPs 
along (Froll) or perpendicular (Fper) to the velocity direction between 0 and 360
o of the glass 
bead 2 in Channel A (Figure 2) under a flow rate of 0.25;  (B) All forces acting on the 
RITC-Janus SiO2 NPs, RITC- ¾ Janus SiO2 NPs in the region of grain-to-grain contact 
under both higher and lower flow rates. (C) Total force acting on the RITC-Janus SiO2 
NPs, RITC- ¾ Janus SiO2 NPs perpendicular (Fper) to the velocity direction. Froll(1), Froll(2), 
Fper(1), Fper(2) correspond to FDLVO (1) and FDLVO (2), which represent two limits of the 
DLVO forces at 2nm away from the glass bead surface for a rotating nanoparticle. 
5.4 Conclusions  
We have produced two types of Janus particles (i.e. RITC- ¾ Janus SiO2 NPs and 
RITC- Janus SiO2 NPs), with varied levels of surface charge heterogeneity to evaluate how 
the surface charge heterogeneity impact the deposition of nanoparticles onto collector 
surfaces. Part of SiO2 NPs were coated with ATPES and RITC, so that the surface charge 
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was less negative on the APTES/RITC covered part. In addition, the fluorescence of RITC 
allowed us to use confocal microscope to observe the deposition in a microfluidic model.  
  Deposition of RITC- ¾ Janus SiO2 NPs and RITC- Janus SiO2 NPs onto a positively 
charge aluminum surface was measured using a QCM-D. We found that RITC- Janus SiO2 
NPs had a higher attachment rate than RITC- ¾ Janus SiO2 NPs. Deposition of RITC- ¾ 
Janus SiO2 NPs and RITC- Janus SiO2 NPs onto three collector structures, including a 
single glass bead collector, a two-glass bead collector, and a six-glass bead aggregate 
collector, was measured using a confocal microscope. For both the single glass bead 
collector and the two-glass bead collector, we found RITC- Janus SiO2 NPs attached the 
least, followed by RITC- ¾ Janus SiO2 NPs, and RITC- SiO2 NPs attached the most. The 
attachment trend was consistent with the DLVO interaction energy analysis between a 
Janus particle and an aluminum surface, or a glass bead surface. We found that the 
deposition of Janus particles was highly dependent on their rational motion. As they rotate 
along the surface of a collector, different part of particle surface will face the collector 
surface. Because particle surface charges were not uniform, the magnitude of the primary 
attractive energy between the particle and the collector surface will change while particles 
rotate and move along. However, when entering a six-glass bead structure, the amount of 
deposition was similar for RITC- Janus SiO2 NPs, RITC- ¾ Janus SiO2 NPs, and RITC- 
SiO2 NPs. This was attributed to very slow flow velocity inside the pore spaces, which 
provided extended residence time for these particles to attach onto the collector surfaces. 
Although the attachment rates were different based on the interaction energy analysis, the 
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CHAPTER 6: CONCLUSION 
6.1 Summary and Conclusions 
This dissertation explores the impact of particle surface charge heterogeneity on 
transport and deposition of nanoparticles on flat surface and in porous media. In Chapter 
2, we developed an innovative way to produce Janus nanoparticles to model surface charge 
heterogeneity on colloids. Janus NPs were characterized for its size distribution, overall 
surface potential, and stability under a range of pH values and ionic strengths (IS). Th 
surface charge heterogeneity was confirmed based on KPFM images and AFM force map 
distributions. In Chapter 3, we analyzed the DLVO energy interaction between Janus NPs 
and flat surfaces using a surface element integration (SEI) method. In Chapter 4, we 
demonstrated the impacts of surface charge heterogeneity on the deposition of 
nanoparticles on flat surfaces using the quartz crystal with microbalance (QCM-D). We 
presented the role of pH on Janus SiO2 NP deposition. Finally, in Chapter 5, we visualized 
and simulated the deposition of nanoparticles with surface charge heterogeneity in model 
porous media in a microfluidic channel using Confocal Microscope.  
Part of Chapter 2 and Chapter 4 consist of a journal manuscript which is under revision. 
Thompson Delon, Tanushree Parsai, Ufuk Kilic, Mathias Schubert, Stephen A. Morin, and 
Yusong Li, Impacts of Particle Surface Heterogeneity on the Deposition of 
Nanoparticles on Flat Surfaces, Environmental Science: Nano (submitted October 2020, 
currently under revision) 
Chapter 5 consists of a journal manuscript to be submitted: 
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Thompson Delon, Shahab Karimifard, Ke Li, Huilian Ma, and Yusong Li, Deposition of 
Nanoparticles with Surface Heterogeneity in Porous Media Models, Environmental 
Science: Nano (to be submitted, May 2021) 
Chapter 3 and part of Chapter 2 consist of a journal manuscript under preparation: 
Thompson Delon and Yusong Li, Predicting the Attachment of Janus Particles onto 
Surfaces using a Surface Element Integration Method and Monte Carlo Simulation. 
(Under Preparation)  
Important findings of this dissertation are summarized as follows: 
Chapter 2: Development and Characterization of Janus Nanoparticle to Model Surface 
Charge Heterogeneity on Colloid 
• Mean particle size distribution of Janus SiO2 NPs is larger than control SiO2 and 
PLL-SiO2 NPs because Janus SiO2 NPs tend to assemble to form equilibrated 
aggregates due to its charge heterogeneity. 
•  Janus SiO2 NPs are relatively stable as it did not show significant changes in 
particle distribution over 40-minute period, which is time framework of the 
experiment.  
• Zeta potential of Janus SiO2 NPs significantly decreases with increasing IS, which 
can be attributed to modification of PLL conformation due to the change in cations 
in the solutions.  
• The change in zeta potential of Janus SiO2 NPs was relatively flat under acidic 
condition (pH <7), while sharp drop occurred when pH >7, which also attributed to 
PLL conformation change. 
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•  Surface charge heterogeneity of Janus SiO2 NPs was observed in surface potential 
distribution using KPFM. 
•  The presence of PLL on the surface of Janus SiO2 NPs was confirmed through an 
adhesion force map obtained using AFM. 
Chapter 3: Analyzing the Interaction between Janus Particles and Surfaces 
• There is a region where the interaction energy can be highly sensitive to the surface 
charge heterogeneity of Janus particles. The size of this region is affected by the 
size of the particle, where smaller size particle will increase the region size. It means 
that smaller size particles are more sensitive to surface charge heterogeneity. 
• Monte-Carlo simulation showed that impact of the surface charge heterogeneity is 
dependent on the particle size, as well as the strength of surface potentials.  
• Simulations also demonstrated very different attachment probability for Janus 
particles with same overall surface charge, but with different charge distributions.  
Chapter 4: Impacts of Surface Heterogeneity on the Deposition of Nanoparticles on Flat 
Surfaces 
• Deposition of Janus SiO2 NPs onto silica surface began to occur later and slower 
than the deposition of PLL-SiO2 NPs, whose particle surfaces were homogeneously 
coated with positively charged PLL. 
• No deposition was observed for Janus SiO2 NPs onto aluminum oxide surface, 
which was caused by the interaction between them were dominated by PLL. In this 
case, PLL has longer reach than uncoated surface of Janus SiO2, therefore 
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prevented the favorable interaction between uncoated surface of Janus SiO2 NPs 
and aluminum oxide surface. 
Chapter 5: Deposition of Nanoparticles with Surface Heterogeneity in Porous Media 
Models 
• Zeta potential of RITC-Janus SiO2 NPs and RITC- ¾ Janus SiO2 NPs decreased to 
the lowest zeta potential as IS increased up to 20 mM NaCl, and then increased as 
IS increased to 50 mM NaCl. This trend does not follow the trend of RITC-SiO2 
NPs, where zeta potential increases with the increase of IS.  
• The attachment rate of both RITC-Janus SiO2 NPs and RITC- ¾ Janus SiO2 NPs 
on aluminum oxide surface were linearly increased with time. However, RITC- ¾ 
Janus SiO2 NPs had slower attachment rate, which is consistent with DLVO energy 
analysis. 
• The amount of deposition on single glass bead was the least for RITC-Janus SiO2 
NPs, followed by RITC- ¾ Janus SiO2 NPs, and RITC-SiO2 NPs, which is expected 
as glass bead collector is negatively charged. Diffusion is a dominant mechanism 
for deposition because nanoparticles were evenly distributed on the collector 
surfaces. 
• A similar trend was observed for two-glass beads collector and six-glass beads 
aggregates. In the two glass beads collector, there is no particular accumulation at 
the point of grain-to-grain contact. In six-glass beads collector, some RITC-Janus 
SiO2 NPs were observed inside pore spaces, which indicated that they entered via 
diffusion and background flow was not able to flush them out.  
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• In the open flow field (single glass bead), hydrodynamic forces are the dominant 
mechanism for attachment because NPs were prone to roll along the surface.  
• In the grain-to-grain contact region, DLVO forces were equivalent to or larger than 
the hydrodynamic forces.  
• In six-glass beads pore structures, both hydrodynamic and DLVO forces played 
role in the attachment. Hydrodynamic forces were dominant in the open surface, 
but not inside the two pore spaces with stagnant water flow. While DLVO forces 
were dominant in grain-to-grain contact.   
6.2 Future Work 
This dissertation discussed the impact of particle surface charge heterogeneity on 
transport and deposition on the environmental surfaces by developing Janus 
nanoparticles. Arising from this study, several research studies can be discussed in the 
future which can improve this work or provide new discoveries: 
• It is very important to incorporate particle surface charge heterogeneity into 
particle transport modelling. The experimental data produced here can be used to 
validate that model.  
• From transport in porous media, we discussed the complicated interaction 
between hydrodynamics and DLVO forces. To better investigate this interaction, 
we can design experiments for microfluidic channel with lower flow rates where 
hydrodynamics will not dominate the interactions between colloids and the 
surface of the collector.  
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• In the development of Janus SiO2 NPs, it is difficult to make a positively charged 
surface. I would recommend using other types of particles for additional studies, 
such as Au or Fe2O3 nanoparticles.   
• Modelling results have shown that smaller sized particles are more sensitive to 
particle heterogeneity. We can develop Janus NPs with different sizes to 
experimentally prove that sensitivity. 
• Experimental result of deposition of Janus particle onto glass beads in 
microfluidic channel cannot be applied directly on colloid transport modeling. 
However, it showed the impact of particle surface heterogeneity on deposition. 
We can develop the attachment rate of particle, k, to be dependent on particle 
properties, such as surface heterogeneity.     
 
 
 
 
 
